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ABSTRACT
In the powder metallurgy method of composite material production it has been noted 
that the size ratio, between the constituent powders used in Aluminium-Silicon 
Carbide non-continuously reinforced metal matrix composites (MMCs), has a bearing 
on the final mechanical strength of the material. The exact mechanism is not 
understood. This work concentrates on how the difference in size ratios between the 
powders affects the packing fraction when the powders are poured into a die, before 
compaction, and how this is related to the final mechanical strength of the material. 
The packing of binary powders was firstly treated mathematically. An analytical 
model to predict the packing fraction of the powder was then tested to ensure its 
accuracy when used with metal powders of this type. The model was found to predict 
the packing fraction of the powders used to manufacture these materials within a 
range of 8%. Powder mixtures of various size ratios were then used to prepare 
material samples and the changes in packing fraction compared to the changes in the 
mechanical properties of the material. Comparison of the changes of mechanical 
properties of the materials as size ratio is changed, with the way that packing fraction 
changes with packing fractions shows that they alter in a similar manner. It is 
concluded that the change in powder size ratio leads to a change in the packing 
fraction of the powders before compaction, which leads to a change in the mechanical 
strength. However it is shown that other factors such as powder size and sintering 
times and temperatures also have an important part to play. It is also shown that the 
powders of differing sizes must be present in sufficient quantities to achieve high 
packing fractions. Therefore it may be easier, and cheaper, to successfully sinter 
material made from mixtures of powders where significant portions of powders of 
different sizes are used.
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Chapter 1 :Introduction
1.1 Powder Metallurgy and Metal Matrix Composites
The use of Powder Metallurgy (PM) technology is becoming more and more 
widespread in industry. There are many reasons for this. First is its near net shape 
characteristics that allow manufacture of complex shapes with the minimum of 
machining and scrap. Secondly shapes that are difficult to machine or cast can be 
manufactured cheaply using PM technology. However the area of PM technology that 
will be focused on in this work is its use in the manufacture of high strength/low 
weight materials such as Metal Matrix Composites.
Many modem applications (e.g. aerospace components) require materials that can 
offer low weight combined with high strength, which is not offered by any traditional 
engineering materials. One such family of materials is that of Metal Matrix 
Composites. The main body of these materials is made up of a metal phase (e.g. 
aluminium or steel) and this matrix is reinforced by a hard ceramic phase (e.g. silicon 
carbide). The reinforcement can come in the form of long continuous fibres. These 
give great strength in a particular direction, but do not tend to strengthen the material 
in directions other than that parallel with the fibres. A second means of reinforcement 
is to use shorter whiskers to reinforce the material. This means of reinforcement has 
been found to give increases in strength of up to 100% compared to non-reinforced 
materials. However it was discovered that SiC whiskers are carcinogenic and toxic on 
inhalation. Research work with them stopped due to the high cost of handling such 
dangerous materials. The third means of reinforcement is to use particles of the harder 
phase, otherwise known as discontinuous reinforcement, to reinforce the matrix. This 
will not give as high an increase in the strength of the material as the fibres will in one 
direction but the increase in strength offered by the discontinuous reinforcement is 
isotropic. It is on these Discontinuous Reinforcement Metal Matrix Composites 
(DRMMCs) that this work focuses.
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These materials were originally developed with a view to their use in aerospace 
applications, where their high specific strength and specific stiffness were seen to be 
desirable due to the direct relationship between fuel consumption and aircraft mass. 
However, the low ductility of these types of materials (or DRMMCs) prevented their 
widespread use in the aerospace industry. Today the application areas of DRMMCs 
are generally in the automotive and railway fields although they are also widely used 
in the manufacture of sporting equipment.
1.2 Metal Matrix Composite Manufacture
Several methods for the manufacture of DRMMCs have been implemented. For 
example it is possible to melt the matrix material and then to stir the reinforcement 
phase into the molten matrix phase. However it is difficult to get a homogenous 
distribution of the reinforcement phase throughout the material using this method and 
the reinforcement particles tend to be gathered in clumps through the MMC. This can 
actually lead to a reduction in the material’s strength. The reinforcement particles can 
also be co-sprayed with the metallic to form material.
Other processes which have been developed and are in use include preform infiltration 
or squeeze casting and XD™ (exothermic dispersion) processing [1], These processes 
have been developed in recent years in an attempt to increase the volume fraction of 
reinforcement which can be included in the composites, and also to overcome the 
problem encountered with the more conventional casting and spray processes.
One relatively simple method of manufacturing these materials is to use powder 
metallurgy. Mixing of powders together to obtain homogenous mixtures prior to 
sintering is common practice in the PM field. Thus the matrix and reinforcement 
phases can be mixed together in the powder mixing phase of the process, then the 
mixed powder can be compacted into the required shape and sintered. Once the 
homogeneity of the mixture is assured in the mixing section of the process the 
reinforcement phase should be homogenously distributed through the matrix phase in 
the final sintered part.
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Work has been carried out in this area investigating the effect on the material of 
changes in various processing parameters such as sintering temperature and time, 
compaction rate and pressure, processing atmosphere, etc. One phenomenon that has 
been noted but not fully explained involves the size ratio (i.e. the ratio of the sizes of 
the powders used in the mixture to one another) between the powders used to 
manufacture the material. Work by O’Donnell [1] and German [2] etc. shows the 
strength of the sintered material decreasing as the size ratio increases to a certain 
point, and then increasing again as the size ratio is increased further.
Since the powder sintering process is a three stage process it seems logical to assume 
that there are three distinct explanations for this effect.
1. The size ratio affects the packing density of the powder in the mould, which 
directly affects the sintered density of the material and thus its strength.
2. Due to the different size ratios the compacted density is different, which 
affects sintered density and thus sintered strength.
3. The size ratio influences the sintering of the powder. The size ratio of the 
powders used affects the sintering process, which affects sintered density and 
thus strength.
A combination of all three effects is likely to affect the final strength of the material. 
In this work, however, we will concentrate on the first effect and see if we can directly 
map the effect of size ratio on pre-compaction packing fraction to the mechanical 
properties of the final sintered material. It is easy to see intuitively that size ratios will 
affect the packing density of powders before they are compacted. Furthermore it is 
known that as size ratio is decreased the packing fraction of the powders will decrease 
and then increase again, in a similar manner to the way the strength of the material is 
seen to alter with changing size ratio.
If there exists a direct link results between the packing fraction of the powder mixture 
pre-compaction and the strength of the material post-sintering, then it should be 
possible to correlate the packing fraction of an un-compacted powder and the strength 
of the sintered material made from that powder. If no correlation exists then it can be 
said that the size ratio effect is not a function of the packing fraction of the un-
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compacted powder in the pre-compaction stage of the process but rather an effect of 
another stage/stages or an effect of this stage combined with another stage/stages.
It is this hypothesis that is examined in this work. A review of relevant literature in 
this area is presented in chapter 2. The problem of the packing of powders of two sizes 
in a binary mixture where the powders pack in idealised formations is treated 
mathematically in chapter 4. Results of tests carried out on the powder-packing model 
of Yu and Standish [3] are presented in Chapter 5 together with results of tensile and 
hardness tests carried out on Al SiCp materials manufactured using powder mixtures 
of various size ratios. Attempts to correlate packing fractions (both as calculated from 
the model and as measured) with the mechanical properties measured are presented in 
chapters 5 and 6.
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Chapter 2: Literature Review
2.1 Introduction
This review gives an overview of many of the different theories currently available in 
the literature to model two of the main stages in the manufacture of powder 
metallurgy (PM) materials viz. pouring of powders during the powder pressing stage 
of the PM process, and the compaction of these powders to make “green” parts. Some 
models which describe the overall mechanical behaviour of metal matrix composites 
are also described.
2.2 Models of Powder Mixtures
Many different models to look at the packing of mixtures of powders of all types exist. 
Different methods for such modelling have been used by many researchers. An 
overview of some of the most relevant to the work undertaken here is presented 
below.
2.2.1 Mathematical Model of Mixtures
The first of these is by Standish and Yu [4], They use a mathematical model based on 
a Simplex-Centroid lattice method developed for use in experiments with all types of 
mixtures by Scheffe [5], In this design it is assumed that the number of different 
components in the mixture is equal to q (e.g. for Al-SiCp powder mixtures q=2). In 
order to use this method 2q_1 measurements of packing fraction are taken, one on each
with equal proportions. Therefore in the case of a binary mixture (such as the A1 
powder mixed with SiCp but with no mixed-in lubrication) only the packing fraction of 
the two pure powders along with the packing fraction of the mixture with equal 
proportions of both powders (by volume) needs to be known before it is possible to 
determine the packing fraction of a mixture of any proportions of these two powders.
of the following: the q pure components, the
proportions, the ternary mixtures with equal proportions and the ¿7-nary mixture
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For a ternary mixture (such as an A1 SiCp mixture with mixed in lubricant) 7 tests 
must be carried out before the model can work i.e. the packing fractions of the three 
pure powders, of the 50-50 mix by volume of the three binary mixtures of the powders 
(in the Al-SiCp-Zinc Sterate example the three mixtures would be a 50-50 mix by 
volume of A1 and SiCp, a 50-50 mix of A1 and Zinc Sterate and a 50-50 mix of Zinc 
Sterate and SiCp) and the packing fraction of a mixture of equal proportions of all 
three components.
This model has a number of elements to recommend it. Firstly the calculations are 
relatively simple. Secondly there is no stipulation that the mixtures be uniform before 
the model can predict porosity, and thirdly as the equations involved are algebraic the 
isoporosity lines can be given directly without the need for the results to be 
interpolated as is the case with physical models such as those presented by 
Leitzelment et al [6], Ouichiyama and Tanaka [7] or Cross et al [8], However the 
model does need a greater number of measurements than the physical models.
In the current study interest is very much focused on the size ratios of the powders that 
constitute the mixture. This model does not take the relative size ratios of the 
respective constituent powders of the mixture directly into consideration, although the 
measured porosities will be inherently dependent on these ratios.
Data is presented by Standish and Yu [4] for the packing of mixtures of three sizes of 
glass beads and of mixtures of coke, in order to see if the model was successful for 
irregularly shaped particles as well as spherical particles. The calculated data is 
compared to experimental data and other data available in literature. The difference 
between the two is found to be less than 2% and the model is deemed to be more 
accurate than other geometrical models.
In a further paper Standish and Yu [9] refine the method of calculation, introducing 
what they call a “D-optimal design”. This refinement is needed because of a feature of 
the original model design. In the original design [4], it is assumed that the minimum 
porosity for a binary mixture always occurs when the volume of the large spheres is 
50%. However for some conditions, depending on the initial porosities and the 
diameter ratio of the spheres, the minimum porosity in binary mixtures may occur at a
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different value. This, in turn, can lead to large errors in predictions. So, in effect, the 
original Standish and Yu model is limited in the mixtures to which it can be 
successfully applied by the size ratios between the powders.
To overcome this problem more measurements must be taken. The authors use the so 
called {<7,3} design given by Draper and St John [10]. The example of a ternary 
powder is described in the paper. Here 10 points need to be measured as opposed to 7 
in the previous design. These points are again the porosities of the pure powders and a 
mixture of equal proportions of the three powders along with measurements of 6 other 
mixtures of varying proportions. The equations to calculate these proportions are also 
given. The D-optimal design and the simplex-centroid design are compared to 
measured data and it is clearly shown that below a size ratio of 0.4 the simplex- 
centroid designed model gives figures which vary greatly from the measured data 
whereas the D-optimal designed model remains accurate. Thus this latter model 
provided an improvement so that it can be used in a far wider set of circumstances. It 
should be noted however that in the D-optimal model, just as in the original Standish 
and Yu model, size ratio, although taken into account indirectly, is not a prescribed 
piece of information for the model.
2.2.2 A Model Directly Dependent on Size Ratio
The above models by Standish and Yu were created because the other mathematical 
models in existence tended to be quite complex and often none too accurate. To 
overcome this problem Standish and Yu decided to introduce some measured values 
into a mathematical model. However, while measuring the prescribed information is 
feasible for mixtures of small numbers of components, the amount of prescribed 
information that needs to be obtained by measurement quickly increases sharply as the 
number of components in the mixture increases. This limits the usefulness of these 
models. Therefore Yu and Standish [3] introduced yet another new approach to the 
problem, basing the predictions of porosity for multi-component mixtures on binary 
mixtures alone. Thus the problem of the amount of information that needs to be 
gathered before the model can be employed was reduced.
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If the composition of a binary mixture is changed in the correct manner, the amount of 
porosity in the mixture decreases as the spaces around the larger particles are filled by 
the smaller particles. This will be referred to as “void contraction”. The paper of Yu 
and Standish [3] begins with a theoretical treatment of the “relative void contraction” 
of binary mixtures. To understand this concept we must first understand that, as has 
been shown by McGeary [11], as the fractional solid volume of large particles 
increases in a binary mixture the fractional void volume in packing will decrease to a 
minimum and then begin to increase again. It is also true that the maximum void 
contraction increases with a decrease in size ratio (small/large) between the 
component particles. In other words, as the difference in the sizes between the 
particles in the mixture gets bigger it becomes possible to have lower porosities. This 
is in agreement with what we will see in Chapter 3. It is also true that the packing 
fraction of spheres ranges between two well defined limits of about 0.6 and 0.64 as 
shown by Scott [12] and Rutgers [13]. These limits correspond to loose and dense 
packing. However these different initial packing fractions will result in a change of the 
maximum void contraction and the corresponding fractional solid volume. Thus the 
maximum void contraction and the corresponding fractional solid volume should be a 
function of size-ratio and initial voidage.
Fig 2.2.1: Porosity vs Fractional Solid Volume of large Particles from the
data of McGeary [11]
In the idealised case, size ratio (diameter of the small powder particles/diameter of the 
large powder particles) equals zero. The maximum contraction and the corresponding 
fractional solid volume are given, respectively, by Yu and Standish [3] as
Ae (o) = e ° ( l - e 0) (1)
max
(2)
Where e° is the initial voidage, Ae(0) is the maximum contraction and the fractional 
solid volume of large particles at the maximum void contraction is XLma\
In order to make the data from existing literature compatible with this method the 
concept of relative maximum void contraction is introduced. This is defined as the 
ratio of the maximum void contraction of size ratio r, Ae(r), to the maximum void 
contraction in the ideal case when the size ratio equals zero, i.e. Ae(0). A 
corresponding relative fractional solid volume of large particles is also introduced. 
Both relative maximum void contraction and relative fractional solid volume are 
functions of size ratio only.
A quadratic regression is now introduced which fits measured data [3] for As(r)/As(0) 
against size ratio r (where r =small particle size/large particle size). The correlation 
can be expressed by the following quadratic regression:
It is shown in [3] that the following relation also exists between XLmax(r)/XLmax(0)
Ae [l-2.35r-t-l.35r2
(3)
XLmax(r)/XLmax(0)= 1 -r2 (4)
Therefore combining equations 1-4 we get
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Where X™3* is the fractional solid volume of small particles at the maximum void 
contraction.
Yu and Standish [3] then discuss the packing of binary mixtures with an infinitely 
small size ratio, before expanding the theory to include the packing of binary mixtures 
with larger size ratios. This is done by first considering a packing of purely larger 
particles with a packing fraction pl- Small particles are then added to the mix. If the 
size ratio is small enough then the small particles will fill the voids between the larger 
particles so that the overall volume of the packing is not increased but the packing 
fraction is. Letting the solid volumes of the larger and smaller particles be Xl and Xs 
respectively, the packing fraction pi ,1 is then
The subscript L in this case denotes that we started with a packing composed entirely 
of the larger particles and the T superscript denotes the total packing fraction of a 
mixture of small and large particles. Similar equations are derived to express the 
packing fraction when large particles are added to a packing of smaller ones. These 
equations can also be written in terms of specific volume V, which is the reciprocal of 
packing fraction p, as below
P lT= P l+ P lX s => P Tl =
1 — A , (7)
V lT= V l-V lX s (8)
V sT= V s- (V s-1 )X l (9)
Importantly these two equations show that it is possible to describe the relationship 
between specific volume and fractional solid volume of binary mixtures with small 
size ratios by simple linear equations.
Some assumptions must be made to extend the theory to the general packing of binary 
mixtures. It is assumed that the interactions between two sizes particles only results in 
changes in maximum void contraction. It is also assumed that the corresponding 
fractional solid volume and the specific volume will still vary linearly with the 
fractional solid volume for any size ratio. It is shown that these assumptions do not 
cause a huge error in the calculation of porosities of multi-component mixtures. Based 
on these assumptions analytical equations are developed. In terms of packing fraction 
these are as follows:
Pf=- P i
i - £ l
, Pn. x u
P > - Pj
1- h
Pu
£ l
(10)
where p  is the packing fraction of one component on its own and pj is the packing 
fraction of the other component on its own; Xj and Xj are the fractional solid volume 
of the components of the mix and py and Xy are the maximum packing fraction 
obtainable for the mixture of the components and the corresponding fractional solid 
volume. These values can be calculated from equations 5-7 which contain the size 
ratio.
The model was then extended for multi-component mixtures. Such mixtures are 
assumed to be composed of equal density spherical particles. Mixtures of irregular 
shaped components are not considered. Component i particles have diameters d; and 
initial packing fraction p;. Diameters are ordered so that di>d2>d3>...>d„ and the 
fractional solid volume X; should satisfy the equation
Xi+X2+X3+...+Xn=l (11)
The binary theory assumptions are again used. Therefore it is assumed that the 
specific volumes of the multi-component mixtures vary linearly with the fractional 
solid volumes and there exist no co-interactions among the components. Because of 
this, it is taken that the calculation of the interaction between component i and 
component j  in a multi-component mixture is identical to the interaction between these
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two components in a binary mixture. Using these assumptions the packing fractions of 
a multi-component mixture are given by:
H  I, P ii J X ij
or
P i (i=l,2..... n) (12)
where the maximum packing fraction py and the corresponding fractional solid 
volume, Xjj can be calculated, as in the binary case, as follows:
Predictions o f  the model were compared in the paper o f Yu and Standish [3] with the 
data published in the literature. It was found that the calculated results are within 8% 
o f  the measured data for the packing fraction of mixtures for both binary and ternary 
mixtures. This is comparable with the models o f  Cross et al [14] with relative error o f  
5-13%, Ouichiyama and Tanaka [7] with 3-11% and with Leitzelment et al [6] with 5- 
15% relative error. Given that this model is much simpler to use and that it directly
P ,j =
P i + P i 0  -  P ,  )(1 -  2.35r„ +13 5r¡ ) ry < 0.741 
p, r¡j > 0.741
(13)
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takes size ratio into account in its calculations (and size ratio between the constituent 
powders in the mixture is of prime interest in this work) this model of Yu and 
Standish was used in the current work.
2.2.3 A Unit Cell Based Model of Particle Mixtures
Many other researchers have looked at this problem. A brief overview of some of their 
work is included here. Rassouly [15] takes an approach based on a unit cell. A 
packing of large and small spherical particles is divided up into these unit cells. The 
cells consist of large and small spheres. The packing density of a local area of the 
mixture (i.e. some small part of the mixture made up of a number of unit cells) is set 
to be the same as the overall packing density of the mixture. The packing densities of 
the unit cells are arranged around the local (and therefore the overall) packing density 
according to a frequency function. The unit cell’s packing fractions are altered by 
means of changing the amount of smaller particles in them.
To verity these equations, experiments were carried out using mixtures of steel balls 
and glass beads. Here a linear relation between the packing density of the small 
spheres (i.e. the glass beads) and the size ratio between small and large spheres was 
found. However the calculated packing density of the small spheres was found not to 
fit too closely with the measured data. The author does claim, nonetheless, that this 
method is more accurate than others in the literature and the data presented supports 
this claim.
To test the second part of the theory, i.e. the determination of the packing density of a 
perfect binary mixture, a number of problems had to be overcome. First there is the 
problem of obtaining a mixture of such high homogeneity and then there is the 
problem of measuring the quality of mixedness to which the measured packing density 
can be attributed. To overcome these problems a special rig was devised which 
allowed two powders to be mixed and then split out into layers and then further into 
smaller samples. Thus there were 300 samples from each mixture from which 30 were 
selected randomly to be measured. This method’s accuracy and relevance was tested 
and confirmed. The fact that as the proportion of large particles is increased, the 
packing density reaches a peak and then drops off again is also noted in this work.
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2.2.4 An Analytical Model of Particle Mixtures
Ouchiyama and Tanaka [6] have developed what is described as the sole analytical 
model to predict the porosity of a mixture of solid particles. This models is based on 
an expression derived by Westman [19] for the number of contacts in a completely 
mixed packing, if various sized spheres and the theoretical relationship between the 
co-ordination number (which is a function of sizes of powders used) and the porosity 
in a packing of uniform sized spheres. Using these concepts, an expression is derived 
to describe the overall porosity of the mixture as follows:
e - \ -  D 3f ( D ) d D / D ~ D ) 3f(D )dD  + -  
n
(D + D f  - ( D ~ D )3 f (D )dD
(14)
where e  is the overall average porosity, D the diameter of the larger particles, D the 
average diameter of the smaller particles, f(D) is the number frequency size 
distribution of particles.
As can be seen the calculations involved in this model are quite complex. However it 
does contain a number of errors. As such, even though it has been widely used and has 
been expanded since first published, it does tend to predict an average porosity that is 
higher than experimental data. Song et al [20] set out to correct these systematic 
errors.
To this end Song et al [20] present a theoretical correction for the Ouchiyama and 
Tanaka model. An expression for the average porosity was derived as
J~D2f(D)dD
f  (D)dD
J ( } s (AV ) 0 1 + (n l ) g{ c)
g(AVa)
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where
n  D 3
AVa = -------------(2 0 D -7 D ) ,
96(D + D)
AVC= -----(8£> + 5£>) (17)
96 (D + D) 
and n can be found from the equation
f
D 3 - ( D - D ) 3
4( 7 - 8£0) - 2 3 D+  --------^  D(D + D )2 (1-
13
l + ( n - l ) ^  
g(  A F J
D + D f  (D)dD
D 3 - ( D  ~ D)3 f  (D)dD
(18)
Thus the average porosity is determined solely by the volume porosity of a packing of 
equal spheres, e , [20] and f(D) the frequency distribution of the particle sizes.
When comparison is made between the corrected model and experimental data it is 
found that the changes make the calculated porosities for mixtures match those
measured for certain ranges of size ratio (0.0-0.5) and values of porosity e  = 0.4- 0.6. 
In other ranges however, the corrected formulae do not work satisfactorily. The 
authors claim, however, that these ranges cover most engineering applications. 
Nonetheless the calculations are still complex in the corrected model.
2.2.5 A Model for Particle Packing Based on Specific Arrangement of the 
Particles
None of the models discussed thus far have had specific arrangements of particles in 
them. The model of Stovall et al [21], however, is different. It divides the analysis of
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binary and multi-particle systems up into the “crowding” and “non-crowding” states. 
If the mixture is composed of n components then component i grains have effective 
radii r, and residual packing density (i.e. the packing density if this component were 
packed on its own in a large container) a,. The radii are ordered such that 
i'i >i'2>...>rn. In the mixture the component i has partial volume ( |> j. In the non­
crowding state it is possible to add a volume of component i grains, (j);0 to a mixture 
composed of the first /-I components such that
^ o c K l- ^ 2 - . . . -«),-!) (19)
and that the smallest grains will fill of the entire available volume. If crowding exists 
it is “as if the presence of the large grains deform the available space so as to prevent 
efficient placement”. A non crowding system is an ideal case where the radius of each 
grain size is infinitely small compared to the next largest size so that it can fully fill 
the voids left between the larger particles i.e. a system becomes non-crowding as
----- >0 for i=l,2,3...,n-l (20)
ri
Expressions for the packing density of the system are derived for these two states and 
a theoretical maximum packing density is also derived. While the non-crowding state 
is precisely calculated, the crowding state is only approximate. The results are shown 
to be in good agreement with experimental results from the literature. As expected, for 
the binary case, packing density reaches a maximum at some percentage of large 
particles added and then decays. The size ratio is not specifically taken into account in 
the model although it is vital in determining whether the system is crowding or non­
crowding. This makes it unsuitable for use in this work. Also, the exact packing 
pattern of the particles is again not taken into account.
2.2.6 A Different Approach: A Thermodynamic Analogy
A completely different approach is provided by Marmur [22], Here, an approach 
adopted from the thermodynamic treatment of mixtures of fluids is employed. This 
basically involves defining the partial volume of each particle type in the mixture,
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which is analogous to the partial molar volume of fluid mixtures in thermodynamics. 
This is the same as the increase in the total volume of the packing when one particle 
of that type is added to the mix. This is different to the volume of the particle itself 
due to the fact that the particle will normally sit into a void or a gap of some sort in the 
mixture. The partial volume of each particle type is calculated from the total volume 
of the mixture, the total number of particles in the mixture and the number fraction of 
the particular particle type among other factors. In the case of fluid mixture in 
thermodynamics the partial volume is calculated using the following equation:
and n is the total number of particles. This equation is converted by Marmur into a 
more useful form for particle packings. Firstly yk is related to the true volume 
fractions of the particles as follows:
where, k represents the number of different groups of particles (i.e. particles of a 
particular size), N is the total number of particles in a group k, Xk is the true volume 
fraction of the particles of type k and Vk is the volume of a single particle of this type. 
Using this approach Marmur presents expressions for the volumes of large and small 
particles in a binary mixture as follows:
I 7±i,k (21)
L Jy,
where yk is the fraction of the particles of type k, Vt is the total volume of the particles
yk = i = l ,N (22)
where the subscripts L and S denote the large and small particles respectively and 
where Vt is the total volume of the mixture
The model is applied as the volume fraction of large particles is increased and the 
volume of the mixture as a whole calculated and compared to experimental results. A 
good match is shown with the results for binary mixtures. However it was not 
extended fully to the ternary case due to the fact that sufficient published data from 
such mixtures was too scarce to calculate the partial volumes. However approximate 
results were calculated using the specific partial volumes extracted from the data for 
binary models. This approximation is also found to agree well with experimental data. 
Again size ratio is not a major concern of this particular work and it is not taken 
specifically into account.
2.2.7 A Classical Approach
A book on the packing of solid particles by Gray [23] deals in some detail with the 
packing of regular arrangements of particles. Expressions for the total volume and the 
density of a bed of particles of multiple sizes are derived. Curves are also reported to 
express the change in porosity in terms of ratio of the smallest particle size to the 
biggest in a system, and also to illustrate how porosity changes as the percentage of 
smaller particles is increased in a binary mixture of set size ratio. These curves are all 
based on experiment however.
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2.3 Compaction Models
A large number of the papers that deal with powder compaction modelling tend to be 
quite similar and based on a small number of fundamental models. These include the 
Gurson model that models the material as an incompressible solid containing voids. 
This model has its roots in the field of soil compaction modelling. The cap model of 
Druckler and Prager [24] is also in widespread use. This model relies on the old soil 
compaction modelling techniques developed by Coulomb in the 18th century as its 
basis.
Cocks [25] gives a good review of many of these models. In that paper it is stated that 
the majority of these models are based on incremental plasticity theory. What this 
means is that in the model, force is applied in increments and a “flow rule” exists in 
the model, which describes how the material will react to each increment of the load. 
A “yield surface” is also defined. This is basically a diagram that describes where and 
how the material will yield under loading. The more up-to-date and accurate models 
also model the compact material like a granular material (e.g. soil) rather than a 
sintered material to account for the different strengths between compacts and green 
material especially in tension. The Drucker-Prager cap model is an example of this, as 
is the Cam-clay model [26],
Certain constants must be determined in order for the cap model described above to 
work. Chtourou et al [27] present a means of calibrating the cap model for a particular 
material. Here the powder is modelled using a macro-mechanical approach for 
computational reasons. Firstly the paper adapts the cap model from its traditional form 
for dealing with non-ductile powder to a form which can deal with ductile powders. 
Then experimental determination of the tensile, shear and hardening points of the 
compact was then carried out in a specially designed rig. This allowed the researchers 
to find the correct shape of the yield surface i.e. where the compact would fail due to 
tensile stress, shear stress how it strain hardens etc. Thus in this way they managed to 
calibrate the cap model for a particular material.
In a second part of the same paper Chtourou et al. [28] addresses some of the 
computational issues of compaction process modelling. The paper discusses the
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numerical implementation of the cap model in the form presented in the first paper 
[27] in a finite element package.
The cap model is implemented numerically by demonstrating the compaction of a 
part. The model shows a point of potential failure due to the way the part is originally 
to be pressed and shows how to modify the pressing to make the green compact 
stronger and less prone to failure.
Henderson et al [29] present a micro-mechanical approach to the problem of powder 
compaction modelling. They examine the two oldest and simplest models to get macro 
properties from the behaviour of constituent elements. These are
1. The same strain in every element. This is then used to calculate the local stress 
using the elemental stress-strain relations. From this local stress, the 
macroscopic stress is estimated by averaging. This is known as the Voight 
method [30]
2. The same stress in each element, which is then used to calculate the local 
deformation through the elemental stress-strain relations. Some average of 
these local deformations then gives an approximation to the macroscopic 
strain. This is known as the Reuss method [30]
Both of these models had been used previous to the paper of Henderson et al [29] with 
some success for modelling various aspects of powder packing [31, 32]. However in 
this paper the principle of virtual work (i.e. that for a system of N particles 
equilibrium can only exist if the virtual work done by all the applied forces is zero) is 
used in conjunction with the Voight and Reuss approaches to get constitutive laws for 
the behaviour of powders under compaction. Henderson et al [29] presents the 
predictions of these two micro-mechanical models alongside an isotropic continuum 
model.
Looking at the predictions of the 3 models in these situations, the authors concluded 
the following: for general loading the Reuss method (which is a static method) gives a 
more physically realistic model for granular compaction than either the Voight 
approach (which is kinematic) or the simple isotropic continuum model. For the case
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of proportional loading however the simple isotropic model gives similar results o the 
Reuss model. The Voight approach on the other hand, although simple, does not 
produce models accurate enough in the full range of loading encountered during 
pressing to be of any real use.
Rednaz [32] considers the models by Gurson [33] and Fleck et al [34] to develop a 
model for cold compaction of powders. He uses a combination of the older Gurson 
model and the newer Fleck-Kuhn-McMeeking [34] (FKM) model to describe the 
compaction. The reason this is done is that the models are appropriate at low and high 
porosities respectively and the yield condition of a porous material is not only 
dependent on the yield strength of the particles but also on the porosity. The model 
presented in the Gurson paper is based on the assumption that the porous material 
consists of a matrix containing separated, spherical voids. The FKM model on the 
other hand is more recent and assumes that spherical particles form the porous 
material. The particles are joined by isolated contacts. The highest possible porosity 
for the models is 36%. At lower porosities the contacts will start to interact and the 
particles are less and less spherical and the model starts to break down. Thus the new 
hybrid model uses the FKM model for the start of the compaction process and the 
Gurson model for the end of the compaction process, thus results are accurately 
predicted for the entire compaction process.
A number of simple powder pressing problems are modelled using FEA by Rednaz 
using the combined model. Results for friction, yield stress and strain hardening of a 
sample during compaction are all obtained along with porosity gradients for the 
finished compact. The model is shown to work well although no comparison to 
experimental data is shown.
A further model of powder compaction is presented by Ransing et al [35]. Here a 
discrete model is developed which captures the compression of a ductile matrix and a 
matrix containing ductile and brittle assembly. This model is compared with the 
Gurson model and is found to match satisfactorily.
The compaction of powders is an area that has been worked on extensively and while 
many of the models discussed above derive from old models for soil compaction the
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basic principle remains the same. The composite model ofRednaz [32] offers a good 
compromise of the advantages of the older and newer models to describe a powder 
through all stages of compaction. However the simplicity of the Reuss method [29] 
makes it worthy of consideration. Both the models of Rednaz and Reuss are more 
complex mathematically than the model of Yu and Standish [3 | however, and neither 
take size ratio into account in as explicit a fashion as [3]. For these reasons it is felt 
that the model of Yu and Standish is more suitable for this work where the effect of 
size ratio on powder packing fraction is central.
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2.4 Models of Metal Matrix Composite Mechanical Behaviour
The behaviour of Metal Matrix Composites (MMCs) has been the subject of a 
multitude of papers and models. However none have dealt in any real detail with the 
phenomenon that was noted by Gareth O’Donnell [1] and Prasad et al [56] where the 
relative sizes of the powder of the matrix (e.g. Al) and reinforcement (e.g. SiC) used 
to make the part through a PM process have a significant impact on the mechanical 
properties of the material. It is also well known that the volume fractions of the two 
materials also have a large effect on the final properties. Prasad et al look at the 
relative particle size in an Aluminium material reinforced with Silicon Carbide 
particles made through powder metallurgy methods. They found that a decrease in 
the relative particle sizes (RPS) between the Al and SiC lead to an increase in the 
strength and ductility. This is attributed to less clustering of the reinforcement in the 
samples with the lower RPS. An empirical equation to relate RPS to strength was 
obtained. This given as
CTuts= 358-32.51n(X) (26)
where X is the ratio of the size of powder used to make the matrix (in this case the Al) 
to the size of the powder used for the reinforcement (i.e. the SiC) i.e. X:l.
2.4.1 Classical Description of MMC Behavior
There has, however, been much work carried out on modelling of MMCs and their 
behaviour. This has taken the form of modelling on a micro and a macro scale in an 
attempt to explain how these materials behave when subjected to stresses. The 
equations presented by Christensen [57] attempt to use classical methods to explain 
how the materials behave. This work considers a single embedded reinforcement 
particle in a matrix that is a composite of the properties of the reinforcement and the 
matrix. However these classically based theories cannot take into account the size of 
the particles that reinforce the material, only the percentage volume of the material 
that they fill.
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2.4.2 Mechanism Based Strain Gradient Plasticity Theory
Because of this shortcoming in the classical theories newer ways of modelling the 
MMC have been developed. One of the more widely used methods is what is known 
as “Mechanism-Based Strain Gradient Plasticity Theory”. This is a theory that can 
take both volume fraction and size of particles into account. The theory is discussed in 
a paper by Xue et al [58] among others. In this paper by both rounded and square 
particles of various sizes are used in a finite element model. The paper looks 
specifically at how the size of the particle affects the macroscopic work hardening 
behaviour of the MMC. The results obtained from the model, in the form of stress- 
strain curves, are compared to experimental data available in the literature and are 
found to match closely although calculated values are slightly lower than experimental 
values. In general, this theory describes the size effects of the particles in the MMC 
accurately.
Another model based on the strain-gradient plasticity theory is presented by Tomita et 
al [59]. They too make use of the plasticity theory equations. They take into account 
the fact that both the size and the volume fraction of the reinforcement particles affect 
the overall material properties. A repeating unit cell is modelled in a matrix of 
particles that is assumed to be fixed. However two different distribution patterns of the 
reinforcement particles are modelled to see if the different orientation will alter the 
results obtained. It is found that the materials with the higher volume fractions of 
reinforcement are stiffer and that the resistance to deformation increases as the size of 
the reinforcement particles decreases, all of which is consistent with the evidence of 
experiment. There is also a marked difference in the properties due to the different 
distribution patterns of the reinforcement. When laid out in a square pattern, 
deformation resistance tends to be increased relative to the particles laid out in a 
triangular pattern. This is attributed to the way that bands of high strain emanating 
from the particle-matrix boundary relate to particle distribution and how this affects 
the resistance of the composite. Again the theory gives results broadly in agreement 
with experimental results and takes into account the size as well as the volume 
fraction of the reinforcement particles.
24
2.4.3 Micro-Mechanical Models of MMC Behaviour
Many different micro mechanical models have also been developed for these 
materials. A paper by Bruzzi et al [60] is one example of such a model for an Al, SiC 
composite. The model was built assuming elastic and elastic-plastic materials. This 
paper takes the interesting step of using the same model to analyse a number of 
different types of particles. A repeating unit cell type model is the basis here. On this 
basis the paper looks at models of the reinforcement as a circle, a square, a cube, an 
ellipse and a sphere. The paper also looks at models of the MMC where the position 
and the shape of the particles was generated by looking at real electron microscope 
pictures of an MMC. Thus it was hoped that a realistic picture of the deformation 
characteristics of an MMC and the stress-strain behaviour would be obtained.
The authors also decided to test the validity of the standard approach to problems such 
as this i.e. using a repeating cell with the boundaries constrained. To do this they set 
up a model with a core, like a unit cell, which consisted of separate representations of 
the matrix and the reinforcement. This was surrounded by a homogenous material 
which represented the combined properties of the matrix and reinforcement and 
loaded. However, the authors found that the older periodic cell method differed from 
this “cell embedding” method by only 3%, and they concluded that while the 
embedded cell method may be slightly more accurate, the difference in the results 
obtained is not large enough to justify the large amount of extra computation time 
needed.
This paper also deals with the problem of crystal plasticity i.e. how do you model the 
flow of material in the actual grains of the specimen that is being strained? A number 
of different models of the grain structure were implemented with fine and coarse grain 
structures in 2-D and 3-D. The results obtained show that the re-enforcing particles are 
a significant barrier to material flow and that the stresses tend to be higher around the 
particles, as expected.
Other micro-mechanical schemes for describing the behaviour of are presented by Dai 
and Huang [61], Dai et al [62, 63] and Heness et al [64], These researchers have used 
various methods for predicting MMC behaviour using FEA models in each case
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attempting to capture as accurately as possible the behaviour of real MMCs under 
loading. Each of them is successful and each has an area of application where it gives 
valuable results and insight. For example Dai et al [63] look at the dependence of 
MMCs on the size of the particles that make up the reinforcement whereas Heness et 
al [64] have implemented a model based on the microstructures of real materials.
2.4.4 Crack Growth in MMCs
Crack growth through a material as a load is applied or as the material is fatigued is, 
of course, an important mechanism. Authors such as Boselli et al [65], Ding [66] and 
Steglich et al [67] have looked at the behaviour of MMCs in these terms.
Boselli et al [65] present a model for crack growth in MMCs. The authors built a 
model in the ANSYS FEA package for crack growth through a composite where the 
particles are homogenously distributed and through composites where the 
reinforcement particles are clustered. This model, in agreement with other published 
models, showed that as the crack approaches a particle, a shielding effect is seen 
where the stress intensity value at the crack tip drops. As the crack grows past the 
particle anti-shielding is observed where the stress intensity value grows. The model 
showed that cracks were primarily deflected when interacting directly with an 
individual particle.
However, the most important part of the model concerns the crack growth rates. The 
model shows that the composites with the clustered particles tended to have the cracks 
that grow much faster through them than the composites with the homogenously 
distributed particles.
Ding [66] et al. focus exclusively on a crack tip area of the MMC. The model is based 
on the low-cycle fatigue life of composites. It suggests a number of interesting points 
about the behaviour of MMCs in service. Firstly, the low cycle fatigue life on an 
MMC is shorter than that of the unreinforced matrix. Secondly, MMCs with a higher 
volume fraction of reinforcement particles exhibit shorter fatigue lives than 
composites with smaller fractions of reinforcement at comparable sizes.
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One of the major issues in the mechanical behaviour of MMCs involves the cracking 
of the reinforcement particles. Steglich et al [67] attempt to look at this problem via a 
micromechanical model. The model is based on a model developed by Gurson, 
Tvergaard and Needlemann [68] for a description of nucleation, growth and 
coalescence of voids in a ductile matrix. The model can accurately give stress-strain 
curves for a unit cell with a cracking particle. It can also provide accurate curves of 
force applied to the unit cell vs. the crack mouth opening displacement. Fracture 
resistance curves too agree well with experiment. However the authors note that the 
calculation time for the model is too long to be of any great use in a practical 
engineering situation. Therefore they develop a “phenomenological” model based 
only on the original void fraction of the matrix and the critical void volume fraction, 
which is the fraction at which the voids begin to interact. The authors found that this 
simpler approach, gave surprisingly accurate results at a fraction of the computation 
time.
2.4.5 Using Images of Real Material to Establish a Model
Another novel approach to the problem of characterizing particle reinforced MMCs is 
given by Baxter et al. [69], The method presented in their paper is a combination of 
two different methods, namely the moving window (MW) technique [70] and the 
generalized method of cells (GMC) micromechanics model [71]. Basically this 
procedure takes a digitized image of a real microstructure and performs local 
micromechanical analysis on small parts of it to build up a picture of the whole. Thus 
material property fields can be built up directly from digitized images provided that 
the different phases of the material are different enough in colour from each other that 
the computer can distinguish one from the other on the grayscale.
A simulated specimen was generated and the model was used to generate bulk 
modulus fields for it (although any property could be calculated). A 3-D and a 2-D 
analysis was done on one slice of the microstructure and shows that the 3-D analysis 
does differ significantly from the 2-D and that therefore the “out of plane” parts of the 
matrix are important to the analysis. It was also shown that as the window size is 
increased the field becomes smoother, although naturally some resolution is lost on 
the actual properties of the field.
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2.4.6 The Problems of Inclusions, Using Elastic and Plastic Models in Tandem
The problem of how native inclusions affect the stress in MMCs is examined in a 
paper by Wilkins and Shen [72], The problem is specifically looked at in the context 
of an A1 SiC composite. It was found that it was necessary to develop two models for 
this problem, a simplistic one that dealt with the elastic problem and a more complex 
model to deal with the modeling of the composite in the plastic regime. However 
while the authors claim that the results obtained in the model match experimental data 
there appears to be a direct contradiction with the data presented by Ding et al [66]. In 
the paper of Wilkins and Shen [72] it is claimed that as SiC concentration goes up 
fatigue strengths of the composites increase. This is exactly the opposite of that which 
is claimed by Ding et al [66] for the low cycle fatigue case.
2.5 Final Overview
It can be seen that many models exist for the overall properties and behaviour of 
MMCs. Some are contradictory and so great care must be taken with the route 
followed. The advantage of the plasticity theories is that they can take particle sizes 
into account as well as volume fractions. However it must be noted that they do tend 
to produce stress-strain results lower than those seen experimentally. This has led to 
this route being dismissed by some researchers. Crack growth and nucleation will 
always be an important feature of the properties of any material and several models 
have looked at this. The building of the model for these shapes has also been 
approached in a variety of ways with repeating unit cells, with and without 
periodicity, and by using a moving window technique to produce extremely complex 
models of the full composite. Once again most of the models presented above have 
some degree of agreement with experimental data and seem to be accurate in the areas 
where they were designed to be effective. The choice of model, therefore, is all- 
important.
In this work two models will be concentrated on. It is wished to examine the 
connection between the size ratios of the powders used to make material using PM 
methods and the mechanical properties of those materials. It is intended to focus on
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how size ratio effects the packing of the metal powder mixture and how this change in 
packing, before the material is compacted or sintered relates to changes in mechanical 
properties after sintering. Therefore a model to describe powder packing which deals 
explicitly with size ratio is desired. One such model is that of Yu and Standish [3] as 
presented above. In this model the size ratio of the powders used in the mixture is a 
prescribed piece of information and so it can be manipulated in order to see how it 
affects packing fraction. Thus comparisons with changes in mechanical properties for 
the same change sin packing fraction can be examined.
Firstly, however, a model based on simple geometrical ideas and simple mathematics 
is developed in chapter 4. It will be seen if such a simple model can predict the 
increases and decreases in packing fraction as powder sizes and the amount of 
different powder in a mixture are changed. It will also be seen in chapter 5 how the 
accuracy of such a model compares to the real world situation or to a model based on 
a more complicated premise such as that of Yu and Standish [3],
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Chapter 3: Experimental Work
The present experimental research focuses on powder metallurgical (PM) powder 
pressing and sintering production of particle reinforced aluminium matrix composite 
(PRAMC) material. Aluminium alloys AA6061 was selected as the matrix material 
and silicon carbide (SiC) particulate was selected as reinforcement. The basis of 
selection for both the matrix and reinforcement materials chosen for this work is 
discussed in section 3.2. The aluminium alloy was supplied in prealloyed powder form 
and these powders were produced by argon atomisation. The SiC particulate used was 
industrial abrasive grade SiC which was supplied in an unconditioned form 
(mechanically pulverised only).
Figure 3.1 outlines the main steps involved in the processing route which was used in 
the present experimental research. These steps include the mixing of the matrix and 
reinforcement powders, the uniaxial pressing of the resulting composite powder into 
either cylindrical or tensile test sample shaped green compacts and the liquid phase 
sintering of these green compacts.
PM PROCESSING ROUTE INVESTIGATED
t H i Û;
Mixing (Al + SiC) Uniaxial Pressing
Liquid Phase 
Sintering
Figure 3.1. The fundamental steps involved in the processing route 
investigated in the present experimental research [1]
Additional steps involved the heat treatment of the material post-sintering and the 
addition of lubricant. Unlike the majority of processing methods used for the
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production of materials of these types, the process used did not involve composite 
powder canning, degassing or isostatic pressing stages. This was in order to keep the 
cost down and to show that such costly methods do not need to be used to produce 
viable MMCs.
The testing work carried out was done in three main batches. The first involved the 
processing of cylindrical samples (17mm diameter) which were used to test the 
hardness of the material. The second and third involved the manufacture of tensile test 
samples. The processing of the material is described in detail in section 3.3.
3.1 Experimental Work Overview
The main focus of this work was on the relationship between the relative sizes of the 
powders used to manufacture the Al-SiCp material and the strength of the material 
when produced, as well as the packing fraction of the powder mixtures before 
compaction and how that changed with the changing relative sizes of the powders. 
This was based on previous work [1], Thus the methods used for the production of the 
initial samples were exactly those laid out in [1]. Lessons learned in the manufacture 
of these materials were applied to the subsequent samples where longer sintering 
times and higher sintering temperatures were used. An overview of the work carried 
out is shown below:
Table 3.1.1: Packing fraction measurement experiments carried out in
this work
Packing Fraction Measurements
% by volume SiCp 10% 20%
A1 powder size 
used
38pm, 41pm 10pm, 25pm, 33pm, 38pm
SiCp powder size 
used
23 pm 23 pm
Al: SiC„ size ratios 1.65, 1.78 0.43, 1.086, 1.43, 1.65
No. of
measurements
taken
10 each 10 each
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Table 3.1.2: Hardness tests carried out in this work
Hardness Tests
17mm diameter samples (produced using initial sintering parameters). 20% by
volume SiCD
A1 Powder 
Sizes used
10pm 22 pm 33pm 38pm
SiCp powder 
size used
23 (am 23 pm 23pm 23 pm
Number of 
Samples
10 10 10 10
Number of 
readings per 
sample
6 6 6 6
Table 3.1.3: Tensile strength tests carried out in this work
Tensile Tests
20% by volume SiC„ (log-bone sam pies sintered at 617°C for 70 minutes
A1 Powder Sizes 
used
10pm 25 jam 39pm
SiCp powder size 
used
23 pm 23 pm 23 pm
Al: SiCp size 
ratios
0.43 1.086 1.65
Number of 
Samples
5 5 5
20% by volume SiCD dog-bone sam pies sintered at 640°C for 80 minutes
Al Powder Sizes 
used
10pm 10pm 25 pm 19(im 25 (im
SiCp powder size 
used
23 pm 13pm 23 pm 13 pm 13pm
Al: SiCp size 
ratios
0.43 0.76 1.086 1.4 1.92
Number of 
Samples
5 5 5 5 5
The analysis techniques employed in the present experimental work include laser 
diffraction powder size analysis, hardness compression and tensile testing and the 
optical microstructural investigation of the sintered composite. These analysis 
techniques and the analysis procedures followed are described in section 3.4.
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3.2 Material Selection
3.2.1 Matrix Material
The aluminium alloy AA6061, which was selected as the matrix material for the 
present work, is regularly used in engineering applications. AA6061 is a common 
medium strength heat treatable alloy. This alloy was selected on the basis of 
availability, cost, heat-treatable characteristics, SiC compatibility and suitability to 
PM processing as shown by the available comparative data [1],
The nominal chemical composition by weight of AA6061 can be seen in table 3.1. 
Also, table 3.2 lists various material properties of this alloy. A variety of powder sizes, 
including 10|o.m, 18^ im, 25(j,m and 38|j.m have been used. All powders were produced 
and supplied by the Aluminium Powder Company, England.
Table 3.2.1. Nominal chemical composition by weight of AA6Ö61
Aluminium Magnesium Silicon Copper Chromium Iron Manganese
AA6061 97.6% 1.01% 0.75% 0.30% 0.18% 0.16% 0.00%
Table 3.2.2 Physical properties of monolithic AA6061, AA2124 & SiCP
[1] -
Density S oli dus/Li quidus U.T.S. Elastic Modulus
(g/cm3) (°C) (MPa) (GPa)
AA6061 2.7 552-652 310-380 (PM) 70 (PM)
SiCp 3.2 - >3000 450
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Figure 3.6. SEM micrograph of the argon atomised 16|im (d 5oi3 ) AA6061 
used in the present experimental research, Mag. x 1120[1].
3.2.2 Reinforcement
SiC particulate was selected as the reinforcement material for the present 
investigations. These ceramic' particles are commonly used as abrasive grit in 
polishing, grinding and cutting applications and are therefore widely available in a 
variety of sizes and are also relatively inexpensive.
The SiC used in this work was angular a-SiC particulate with a density of 3.2 g/cm3 
compared to 2.7 or 2.77 g/cm for the matrix materials. The main sizes used in this 
research were 13|im and 23(im. Table 3.2 lists various nominal material properties of 
SiC particles. Figure 3.7 shows the angular nature of the SiC particulate.
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Figure 3.7. SEM micrograph of the as-supplisd 25|im SiC particulate 
used in the present experimental research, Mag. x 112 0 [1] .
3.2.3 Lubricant
Zinc stearate powder lubricant was used to reduce die wall friction during sample 
ejection in the majority of the present research. These powder lubricants were either 
mixed with each blend of composite powder in various quantities including 0.5, 0.75, 
1, 2 and 3% by weight or used as die wall lubricants. The solid lubricant was 
subsequently burnt off from the green components at either 450°C or 415°C. This bum 
off procedure was incorporated into the presintering stage of the sintering heat 
treatment process.
Table 3.2.3. Properties of the zinc stearate solid lubricant [1].
Common
Name
Softening 
Temperature (°C)
Melting 
Temperature (°C)
Density
(g/cm3)
Auto-Ignition
(°C)
Zinc stearate 77-110 190 1.09 302
The physical properties of zinc stearate are listed in table 3.3. The particle size of this 
powder was found by laser diffraction to be approximately 1 l|i,m. The selection of 
lubricant types was based on their lubricating properties, bum off characteristics and 
availability.
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3.3 Sample Preparation
Samples were prepared for tensile testing in accordance with Metal Powder Industries 
Federation (MPIF) standard 10 [73], The dimensions of the test specimens and for the 
die set are slightly modified from the MPIF flat bar dimensions and can be seen in 
Appendix E.
3.3.1 Powder Mixing and Preparation
The A1 and SiCp powders were first weighed to attain a mixture with 10% by volume 
SiCp and were then placed together in a plastic container. The lid was fastened onto 
the container and it was then rapidly reciprocated by hand for approximately three 
minutes. The method followed here is that of O’Donnell [1], In that work samples of 
powders mixed in this fashion were taken and compared to samples of powder 
mixtures mixed in a v-mixer turned in a lathe for 30 minutes at 90rpm. O’Donnell 
found that this method gave a mixture which was as homogeneous as that obtained 
using the more traditional mixing methods. Since it is the intention of this work to 
follow on from the work by O’Donnell [1, 74], noting a link between powder size 
ratio and mechanical properties, the same production methods are followed here.
The powders were now annealed in order to drive off any moisture as well as making 
the powder easier to compress. The powder was placed into a four-chamber kiln, with 
a quarter of the mixture in each chamber of the kiln and the lids of the chambers put in 
place. An industrial N2 gas supply was connected to the furnace and allowed to flow at 
approximately 14 1/min for three minutes in order to purge any air out of the kiln. The 
gas flow was then set at 3 1/min and the furnace was heated to 480°C+ 5°C at 130 
°C/hour, soaked for 1V2 hours, followed by cooling at a rate of 45°C/hour to 100°C in 
the furnace. After cooling the powders were placed back into the plastic container and 
reciprocated for a further three minutes in order to break up any caking which may 
have occurred during the annealing process.
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3.3.2 Weighing and Compaction of Samples
Next the powders were weighed out. The weight of powder was calculated so that a 
charge of powder, which would give a sample thickness of 6.5mm if the powders 
achieved 100% sintering density, could be placed into the die and pressed. The bottom 
punch was placed into the die. Where no mixed in lubricant was used the walls of the 
die and the top of the bottom punch were brushed with zinc sterate in order to act as a 
die wall lubricant. In samples where mixed in lubricant was used, no zinc state was 
applied to the walls of the die. Next the powder was poured into the die and the die 
was tapped to level the powder. At this stage any excess powder left on the surface of 
the die was scraped away. The die was again tapped until the powder was levelled. 
The lower punch was then lowered and allowed to rest in place for the compaction 
step. The surface of the top punch was now brushed with zinc sterate and placed into 
the die cavity ready for the compaction stage.
Great care was taken during the compaction stage of the process. The die set was 
mounted on a single action hydraulic press, which sat on top of a calibrated load cell 
connected to a display unit giving a read-out of the force applied. A manual control 
switch controlled by an operator controlled the direction of movement of the hydraulic 
ram and a flow control valve controlled the speed of movement.
With the powder and punches in place and aligned correctly, the top section of the die 
set was brought rapidly down to meet the bottom section. As the top section was about 
to make contact with the top punch the speed was reduced to its minimum, which was 
approx 15mm/min. The ram was then steadily advanced at this speed until the force 
indicated on the readout was just below that desired. In this case it was wished to 
compact the samples at a force of 235 + 5 kN. When the control switch was released, 
the force was found still to increase slowly. Thus the advance switch was released just 
below 235kN and then the operator waited for the force to “creep” up to 235kN at 
which point the ram was retracted.
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In order to release the sample before ejection the ram was not fully retracted. Rather 
approximately lOkN of force was left on the part while the four screws holding the 
two halves of the split die together were released by a half a turn. This allowed the 
part to be ejected without breaking. The ram was then fully retracted.
To eject the part, the top punch was removed and spacing blocks were placed on top 
of the die on either side of the cavity. The top of the die set was then brought rapidly 
down until nearly in contact with these blocks and the speed of advance was then 
reduced to approx 20mm/min for safety reasons. The ram was advanced at this speed 
until the sample had been fully pushed, by the bottom punch, out of the die cavity. At 
this stage the top of the die set could be retracted, again at approx 20mm/min.
3.3.3 Powder Sintering and Post Processing
With the part now pressed it could be sintered. The green part was placed into the kiln 
in the furnace and the lid put in place. An industrial N2 gas supply was connected to 
the kiln and allowed to flow at 14 1/min for three minutes. The flow was then reduced 
to 3 1/hour. In the cases where zinc sterate had been used as a mixed in lubricant the 
furnace was first heated to 450°C + 5°C and this temperature maintained for 30 
minutes in order to bum off the lubricant. The furnace was then heated to 617°C + 
5°C at a rate of 130°C/hour and soaked at that temperature for 70 minutes. The 
samples were then cooled on the furnace to 100°C before being removed. Where zinc 
sterate was brushed onto the die walls and not mixed into the powder the 450°C step 
was left out of the process.
The samples were then repressed in the original die at 235kN to ensure dimensional 
consistency and removed manually before precipitation heat treatment was carried out 
on them to improve their mechanical properties. In order to carry out the required heat 
treatment, the samples were placed back into the furnace, heated to 515°C in a 
nitrogen atmosphere and soaked at this temperature for between one and two hours. 
While at this temperature they were placed into iced water. Solution heat treatment 
followed, either by natural ageing at room temperature for four days or more (T4) or
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the samples were re-heated in air in the furnace to between 168°C and 175°C for times 
between 4 hours and 5lA hours, depending on the composition of the material (T6).
A later batch of material was processed in exactly the same manner with the exception 
that it was sintered at 640°C+ 5°C and soaked for 80 minutes. In all other respects 
their processing was identical to the above.
Again, the methods used here are those described by O’Donnell [1,74] and are 
followed for the reasons noted in section 3.1.1 above.
3.4 Mechanical Testing of Samples
3.4.1 Packing Fraction Measurement
All measurements of packing fraction were carried out in accordance with MPIF 
standard 04 [73], A funnel is held in a clamp over a beaker of known volume. The 
powder which is to have its packing fraction measured is then poured through the 
funnel into the beaker until it overflows. The excess is then scraped off the top of the 
beaker and the beaker given a tap so that the powder settles.
The mass of the powder can then be measured and the actual volume of the powder 
determined by using the size of the powder particles and the density of the material. 
Once this is determined the packing fraction can be found by dividing the volume of 
the powder by the volume of the beaker.
3.4.2 Tensile Testing
Tensile testing of the samples produced was carried out on an Instron 4204 universal 
testing machine at a tensile deformation rate of lmtn/min. The strain measurements 
were obtained with the use of an Instron extensiometer over a gauge length of 25mm. 
An Instron X-Y recorder was used to recorded the force and extension during testing. 
The recorded data was converted manually from this form to the true stress and true 
strain form. The tensile testing procedure carried out followed the MPIF test standard 
10 [73], The test sample was also based on this standard, however, the sample used in 
this work was slightly larger than that suggested in the standard. The geometry and
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dimensions of the die cavity within which these samples were pressed are shown in 
appendix E
3.4.3 Hardness Testing
Following sintering, Rockwell B macrohardness tests were carried out using an 
AFFRI 206RT hardness testing machine. Each sample was machined and polished 
before testing to minimise errors due to either the roughness or the surface oxide layer 
created during processing. To improve the reliability of this test procedure two 
readings from each end were taken for all samples. The Rockwell B testing (1/16" 
ball, 100 kg) was used. The hardness test procedures carried out were in accordance 
with the MPIF test standard 43 [73].
3.4.4 Optical Microscopy
The optical microscope used in this work was a Reichert MeF3 optical microscope. 
This microscope was fitted with a Sony colour video printer and linked to PC image 
capturing software.
The sintered materials in the present work were prepared for optical microscopy by 
grinding and careful polishing. Grinding and polishing was carried out by hand on a 
Stuers DAP-V polishing machine following the Buehler recommended polishing 
procedure for aluminium SiC composites [214]. Polishing of the samples proved 
difficult due to the SiC particle pull out experienced. This had the effect of 
contaminating the polishing surfaces at the fine polishing stages, which in turn caused 
damage to the surface of the samples. A number of green samples were also prepared 
for the microscope, however the results were unsuccessful and the images hard to 
decipher. The images obtained are presented in chapter 5.
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Chapter 4: The Problem of Particle Packing
4.1 Introduction
In chapter 2 a number of complex models for powder packing were presented. They 
use a number of mathematical methods to predict powder packing, all of which are 
designed to take the complexity of the system into account and thus provide a high 
level of accuracy. In this chapter we will investigate the possibility of developing a 
model which is based on simple geometric assumptions and simple maths in order to 
ascertain whether such a model will correctly predict the rise and fall of packing 
fraction as the amount of both powders in the mixture changes, and whether it can 
accurately predict the levels of packing fraction when compared to measured data or 
to one of the more complex models such as that of Yu and Standish [3].
It is known that in the manufacture of A1 SiCp composite materials by standard 
powder metallurgical methods the sizes of the two powders relative to each other has a 
marked effect on the material properties. However the exact mechanism at work is not 
understood. Some effects related to the ratio (i.e. the size of one powder relative to 
that of the other in a two-powder mixture) are known. German [2] notes that if a 
certain volume of a powder consisting of large particles is added to a sample of a 
powder consisting of smaller particles, the “specific volume” filled by the powder 
decreases to a minimum. Specific Volume is the volume filled by the particles divided 
by the actual volume filled by the mixture (i.e. the volume of the powder particles and 
the spaces around them). Adding more of the larger powders beyond this point 
increases the specific volume again. This is an empirical observation and is attributed 
by German to the smaller powder filling in the gaps around the bigger powder as 
closely as possible in the case of the minimum specific volume. Adding less of the 
bigger powder means that there is small powder without any gap to fill, adding more 
of the bigger powder means that there are large powder particles without any small 
powder to fill in the spaces around them.
In order to appreciate fully what mechanism is at work here, we need to firstly look at 
how powders of different sizes pack together. It is proposed to look at the idealised 
case of circular discs as representative of the different powders and to discover what
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effect altering the particle sizes has on the specific area filled. It will be instructive to 
see how the equations presented here compare to the real data for packing fraction and 
the predictions of packing fractions from the published Yu and Standish [3] model. 
This comparison is made in chapter 5. The accuracy, or otherwise of the simple model 
presented below, will show how real metal powder packing vary of otherwise from 
idealised packing modes due to their irregular shapes and the distribution in sizes that 
will always occur in real metal and SiCp powder batches.
4.2 Square packed 2-D Analysis
Begin with a number of discs, all of radius R, that are packed in a square formation as 
shown below:
Fig 4.2.1: Discs in square packed formation
It can be shown that the area of each particle is 7i:R2 and that the effective area that 
each disc fills is 4R2. If there are m discs in total, then the Specific Area (SA) can be 
expressed as follows:
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SA:
rnnlV 
mAR ‘
K
4 (1)
Now n discs of a smaller size are mixed in. It is desired that the small discs fit in the 
spaces between the larger discs so therefore the radius of the smaller discs, r, must be 
as follows:
r < (V2 —1)2? (2)
In this idealised model these smaller discs fill up the gaps between the larger discs. 
Note that there are less small discs than would be needed to fill up all the spaces 
between the larger discs. The number of small discs which will totally fill the spaces 
between the large discs, without distorting the packing of the large discs, is referred to 
as n*. SA is now calculated again it is as follows:
* mnR2 +H7D-2For n < n SA = ----------------- (3)
mAR
Treating n as a continuous variable it can be seen that
(4)
dn AmR
Which implies that for n < n , SA increases as n increases, i.e. as more and more 
smaller discs are added and they fill the gaps between the larger particles so the 
specific area increases as expected.
As the number of smaller particles is increased beyond n* we see that
mnR1 +n7rr2 „ _SA = ----------------- ----- - (5)
AmR + ( n - n  )4r
Again treating n as a continuous variable:
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dSA _ (4mR2 +4n r2 - A n ' r 2)nr ' - ( mnR2 + nnr2)4r2 
dn ~ (4mR2 +4nr2 - A n ' r 2) 2
(4mR + 4nr' —4» r ) 
dSA
(7)
<0 where n>n (8)
dn
In other words as the number of small particles is increased beyond the point where 
the smaller discs fit in the spaces between the larger discs, the specific area decreases. 
As well as n* which is the number of small discs which need to be added before there 
are too many small discs to fit in the spaces between the large discs, we will also 
define a value r*. If we were to increase the radius of the small discs to the size where 
they no longer fit in the spaces between the large discs, that radius will be referred to 
as r*.
If the change in specific area versus the number of smaller particles is plotted for 
various values of r between r * and r*/2 then we see the pattern shown in fig4.2.2. The 
case of percentage by volume of smaller discs in the mix is shown below. The case 
shown is for r=r*.
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Fig 4.2.2: Specific Area of 2-D Square Packed Formation as Number of 
smaller particles of various sizes are added.
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Fig 4.2.3: Change in SA of a mixture as the % volume of smaller 
particles is changed where the radius of the smaller discs is r*
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It should be noted that all graphs in this chapter are presented so that the data can is 
clearly displayed. However the absolute level of specific area or specific volume and 
the changes in them as the smaller particles are added differ between them. In some 
cases the differences are quite large, in others they are very small.
Fig 4.2.2 above shows a very sudden increase in the Specific Area of the mixture (i.e. 
a decrease in porosity) as the number of the smaller particles is increased and then a 
gradual return to the original value of SA as the number of smaller discs approaches 
infinity. However it should be noted that for a real mixture the amounts and sizes of 
the two powders used are often such that we operate in the area between 10% and 
20% or, alternatively, between 80% and 90% volume small particles where a slight 
change in the composition can have a huge effect on the SA of the mix.
Fig 4.2.3 also illustrates the fact that the highest value of SA obtainable when the 
discs are packed in this formation is 0.92.
Now let n— (i.e. we add a large number of small discs into the mixture). Then
SA„ = lim„
m  n  2 2—  kR  +7ir 
n
4m 2 n* 2 a 2-— R ----- 4 r +4 r
n n
(9)
So it can be seen that as the number of smaller particles added is increased, the 
specific area of the sample increases to a maximum and then back down to its starting 
point at %!4. This is in line with the effect noted by German.
This shows what to expect as we add more particles of one size to the mix. But what 
happens if we maintain the numbers of particles as a constant and change the size of 
one of the particles?
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To start let us assume that the small particles fit easily into the gaps between the big 
particles i.e. r < (V2 -1 )R . Also assume that n<n*. Then
(ID
4/nR
Now treat r as a continuous variable.
dSA 2nm-
dr 4 mR'
(12)
n7ir „= ------ ^ > 0 (13)
4mR2
Therefore as the radius of the smaller discs is increased up to r* (i.e. r = (y[2 -1)7?) so 
the specific area of the sample increases too. Once r>r* the smaller discs no longer fit 
into the gaps between the larger discs. However the smaller discs replicate the packing 
of the larger discs in this packing model so SA does not change as shown below:
SA = mxR>+ nnr*
4mR + n4r
_  7t(m R 2 +  n r 2 )  _  n
~ 4(mR2 + nr2) ~  4
As the size of the radius is increased, eventually we reach a size where R = ( 4 l - \ ) r  . 
In other words, a stage is reached where the discs with radius R fit in the gaps between 
the discs with radius r. Call this radius r*\ At this point
^  m xR 2 +nm -2
S A  ----------- -— ---------  (16)
4 nr
but R 2 = (V 2 -1 )V  (17)
m n ( 4 l - \ ) 2r 2 +nm-2
SA = ---- -----------r-----------  = a constant. (18)
4nr
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So as r increases beyond r** specific area decreases again as the smaller discs are no 
longer big enough to fill the gaps between the big discs.
4.3 3-D Square Packed Analysis
Now the case of packing of powders in three dimensions is considered i.e. the packing 
of spheres instead of discs. Specific Volume (SV) will now be discussed rather than 
Specific Area as in the section 4.2. SV is the volume actually filled by the spheres 
divided by the volume occupied by the spheres (i.e. volume of a container necessary 
to take all of the spheres). The volume of a sphere is
So for the first case where spheres are in a square packed formation with no small 
spheres in the spaces between the larger spheres, Specific Volume (SV) is expressed 
as follows
m8R3 6R3 6
If smaller spheres are introduced into the spaces such that the radius of the smaller
number of the smaller spheres respectively where the smaller spheres will no longer 
fit into the spaces between the larger spheres and start to distort the packing formation 
of the larger spheres, then
4 ,V = -7 tR 3 (1)3
SV = (2)
spheres r<r* and such that n<n*, where, as before, r* and n* are the critical radius and
(3)
Again for n<n*,
,  =-----r >0
dn mSR 6mR
(4)
Thus, as more of the smaller spheres are added up to n*, porosity decreases. If small 
particles of size r<r* are now added into the spaces such that n>n* then
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m(4 7cR3) + n(-7!ri )
SV  = - ^ ---------- h -  (5)
8mR + ( n - n  )8r
How SV changes as n is increased is now investigated for the case where n>n . For 
this case
dSV -3 2  « V 6
(6)
dn 3(m8R3 + (n — n )8r3) 
dSV
dn
<0 (7)
So we see that if we have a mixture of large and small spheres in a square packed 
formation that once the number of small spheres goes above the critical number n that 
an increase in the number of small spheres leads to a decrease in specific volume (i.e. 
an increase in the porosity of the packing).
Suppose the case of 3-D square packing is taken with one small sphere (of radius r 
where r*/2<r<r*) in each of the spaces between the larger spheres. How does the value
of SV change as the radius of the smaller sphere is increased (i.e. increase r) while
holding the radius of the larger spheres (R) and the numbers of small and large
.  ^spheres (n and m respectively) constant? Since r<r ,
4 /  mnR3 + nxr3
SV = ^ ----------  (8)
mSR3
^ = ^ > 0  (9)
dr m2R
So as the radius r is increased up to r* so the SV increases. The case of r>r* is now 
considered. Here
y^m n R 3 + y^n7zr3 Y^n{mR3 +nr3) n
m8R3+n$r3 8 (?nR3+nr3) 6 ^ ^
^  = 0 (11) 
dr
49
As r is increased slill further, a point is reached where the spheres of radius R fit into 
the spaces between the spheres of radius r. We call this radius r* . Once the radius is 
increased beyond this point, SV will decrease back to its original value as was shown 
for the 2-D case earlier. A graph of the increase and decrease of SV as more small 
spheres are added to the mix is shown below
No of Small Spheres In the Mix
Fig 4.3.1: Specific Volume of 3-D Square Packed Formation as Number 
of smaller particles of various sizes are added.
Graphs of the change in SV vs the percentage volume of smaller spheres are shown 
below for the cases of r=r* and r=(l/2)r* in figures 4.3.2 and 4.3.3 respectively:
50
Sp
ec
ifi
c 
Vo
lu
m
e 
Sp
ec
ifi
c 
Vo
lu
m
e
0.565
0.52 J- - - - - - - - - - - - - - *- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .- - - - - - - - - - - - - - - - - - - - - - - - - - - - -
0 20 40 60 BO 100 120
% by volume of smaller spheres added
Fig 4.3.2: Change in SV of a mixture as the % volume of smaller 
particles is changed where the radius of the smaller discs is r*
% by volume of smaller spheres added
Fig 4.3.3; Change in SV of a mixture as the % volume of smaller 
particles is changed where the radius of the smaller discs is <l/2)r*
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4.4 2-D Close packed Analysis
Let us now consider that the discs are not packed square but in a more compact 
triangular fashion as seen below.
Fig 4.4.1: Compact particle packing
In the case of triangular packed discs in 2-D we take a unit cell in the form of a 
triangle between the centres of three adjacent discs as shown below. The area of this 
triangle is equal to (l/2)R2Sin60 or -Jz / a R 2 . Each disc which is added to the mixture 
will contribute four new unit cells so the total volume of unit cells is the volume of 
one unit cell multiplied by four times the number of discs.
Fig 4.4.2: The unit call as used in the 2^ -P triangular packed
analysis
The sector of each disc within the unit cell is one sixth of the area of the disc therefore 
the actual area filled by the discs in each unit cell is l/27tR'\ Thus the specific area is
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P< 2 mnR2 2n
“ = S f = J  (1)
One small disc is now added into the spaces between the large discs. The radius of the 
smaller discs is such that r<r and n<n (where n and r* are the critical number and 
radius as defined before). Thus
2 mnR2 +nm-2
SA = -------- ---------  (2)
m -S R 2 K }
The effect on SA as the number of small discs is increased up to n is now examined. 
So for n<n*
^  = r  > 0 dn y/lmR
Thus the value of specific volume is seen to increase as the number of small discs is 
increased to n*. Now what happens as the number of smaller discs is increased beyond 
n* is considered. For n>n’
Im nR 2 +n 'n>-2 + 2 ( n - n  W 2SA = ------= ----  ---- p:— -------7----  (4)
S m R 2 + S ( n ~ n ) r *
As the number of smaller discs is increased to a very large number (infinity):
2 m/ n R 2 + r ’/ n r 2 +2m-2 ~ 2 n" / n r 2/ n /n___________/ nS A =  lim.
V3 m/ nR 2+ 4 lr 1 -  4 1 » /  r 2
2 n  
V3
(5)
In other words the specific area of the mixture returns to its starting value as a large 
number of small discs are added. Differentiating the expression it is seen that
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dSA _ ( f im R 2 + f i { n - n ) r 2)2m-2 -{ Im n R 1 + n nr1 +2(/i -  n ')nr2)J ir  
dn ~ ( f i m R 1 + S ( n - n ) r 1)1
— fin' m-
( f i m R 2 + f i ( n - n ) r 2\
-<0 (6)
i.e. the value o f SA decreases with an increase in the number o f small particles beyond 
n* as expected.
Fig 4.4.3 is the graph o f  the change in SA with a change in the number o f  smaller 
discs. Below the change is plotted against % by volume for the case o f r=r*.
Number of small discs addod
Fig 4.4.3: Specific Area of 2-D Close Packed Formation as Number of 
smaller particles of various sizes are added.
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Fig 4.4.4: Change in SA of a mixture as the % volume of smaller 
particles is changed where the radius of the smaller discs is r*
The above has shown how changes in the percentage of the mixture occupied by either 
the small or large discs effects the specific area of the mixture. The effect of keeping 
the numbers of each type of disc constant and varying the size of one relative to the 
other is now considered.
Start with a mixture of large discs with one small disc in each space between the large 
discs. The radius of the smaller discs is such that r < r* and n < n*. Now SA is given by
s< = 2 r f W
-BmR'
dSA 2 nnr------ =  — --------- > 0 (8)
dr f i m R 2
Therefore the value of specific volume increases as the radius of the small discs is 
increased up to the point where they are too big for the gaps between the large discs. 
At this stage r > r*. This means that
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SA = ~r— ;---- T—T■sl3mR~ + V3«/•'
In in R 2 + I17D'2 ,_x
c ) & 4  _  -2^ /5mn7tR2r
" a r _ ( V w + V 3 » r 2 ) 2  c  j
I hus it is seen that as long as r>r* specific area decreases as radius, r, increases. As it 
is increased further, at a certain point r will be such that the discs of radius r are large 
enough for the discs with radius R fit into the gaps between them. Call the radius 
where this occurs r *. Increasing r beyond this point is the same as decreasing r when 
r<r\ In other words as r in increased and r>r* specific volume will decrease. This is 
shown by eqn. (10) above.
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4.5 3-D Close Packed Analysis
Now let us look at the most closely packed case in 3-D. This can be either Cubic 
Close Packing (CCP) or Hexagonal Close Packing (HCP). We will look at the case of 
cubic close packing in this case as the calculations are simpler. However the overall 
principle remains the same in either case. The packing can be illustrated as shown 
below. Each unit cell consists of eight octants of spheres and six hemispheres. The 
total volume of the spheres in the unit cell is therefore
Looking at the face of the unit cell it can be seen that the diagonal is equal to 4R. This
F = (8.1/8 + 6.1/2)— R 3 (1)
(2)
Pig 4.5.1: A section of spheres in CCP packing
implies that the length of a side is 2~j2R. Thus the volume of a unit cell is 
or 16>/2R 3. Thus the specific volume of CCP can be seen to be
R
Pig 4.5.2: A cross section of spheres in CCP packing
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Smaller spheres are now added into the gaps between the spheres in the CCP mix. The 
small spheres are small enough to fit into the spaces and there are less small spheres 
than spaces between the large spheres i.e. n<n and r<r .
SV =
2  16V2R1 
4 J
_  mnR3 + nm-'
3 V 2 niR3
How does this alter as the number of small spheres is increased?
dSV to-3
(4)
Bn 3yf2mR*
>0 (5)
We will now look at the case where n>n . It can be shown for this case that the 
specific volume is given by
_  mnR3 +n*m-3 + (n — rt')m-3 _ mnR1 +nnr2
3 V2mR2 + 3 V2 (« -  n ' )r3 3yflmR3 + 3 V2 ( n - n ' ) r 3
Therefore,
>3 +/z?-3(m/W5
sv~ = H  A V i — F T 7 T 7  (7)3V2('^/)+3V2r3 -3>/2( " / } - 3
to-3 k
(8)
3>/2r3 3V2
Therefore as the number of small particles added becomes very large so the specific 
volume returns to its original value. We can sec how it changes by differentiating. As 
follows
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Fig 4.5.3 is a graph of how specific volume changes as the number of smaller spheres 
is changed. We more usually look at % by volume. This is graphed below for the two 
cases where r=r* and r=r*(7/8) in figures 4.5.4 and 4.5.5 respectively.
N o, of sm all spheres
Fig 4.5.3: Specific Volume of 3-D Close Packed Formation as Number of 
smaller particles of various sizes are added.
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Pig 4.5.4: Change in SV of a mixture in 3-D Close packing as the % 
volume of smaller particles is changed where the radius of the
smaller discs is r*
E 0.74)5
0.741
% by volume of smaller spheres
Fig 4.4.5: Change in SV of a mixture in 3-D Close packing as the % 
volume of smaller particles is changed where the radius of the
smaller discs is (7/8)r*
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The case where we hold the numbers of each sphere type constant and vary the radius 
of one of them must now be considered in order to see what effect changing the 
relative sizes of the spheres has on specific volume. Consider first the case when n<n* 
and r < r*. Then
s v = m ^ p m ±
m3j2R3
> 0  (12)
ilr m-JlR3
For the case where r is increased beyond r such that r < r< r (where, as before r is 
the radius that the “smaller” spheres must be increased to so that the “larger” spheres 
can fit in the spaces between them without distorting their packing) we can see that
mnR3 +n7D-3 KSV  = — -=---------- = -= — -¡= = A Constant (13)
3V2rc/?3 +3V2«r3 3V2
The examples shown above are simplifications of the real situation. However they do 
indicate a fact that has been observed by many authors i.e. that the size ratio has an 
effect on the maximum packing fraction obtainable for a mixture and that a certain 
proportion of large and small particles will lead to the maximum packing fraction. 
Changing proportions of each component in the mixture can lead to dramatic changes 
in the packing fraction obtainable and in certain cases a small change in the proportion 
of a single component of a mixture can lead to a large increase or decrease in packing 
fraction.
The models also seem to indicate the percentage volume of smaller spheres is a key 
element in determining the packing fraction obtained. As the percentage volume of the 
smaller component of the mixture is increased so the packing fraction increases up to 
a certain point. At that point a certain plateau is reached where further increases in the 
percentage volume lead to only very small changes in the overall packing fraction of 
the mixture. This is important because if real mixtures of metal powders behave in the
61
same way then there will be a wide range of mixture compositions which will tend to 
give high packing fractions. This in turn should lead to denser green compacts and 
denser, stronger sintered parts.
It is interesting to note that the 3-D models both give lower specific areas and volumes 
than their 2-D equivalents as can be seen in figs 4.5.3, 4.4.3 4.3.1 and 4.2.2. This is 
unsurprising as the extra space created around the sphere is greater than the difference 
in volume between a sphere and a circle. The values of specific volume which are 
given by the 3-D examples are closer to the values encountered in experiment than the 
higher values which are given by the 2-D models. Again this to be expected as the 3-D 
models are more realistic.
It should be noted that in the models described above a large proportion, by volume, 
of the mixture will be made up of the smaller particles before any significant change 
in specific volume or area is seen. This also seem to agree with the phenomenon 
described by O’Donnell [1] and by German [2] who both note that the strengths of PM 
composite materials which are manufactured using large powders to form the matrix 
material tend to be weaker than expected and certainly weaker than comparable 
materials where small powders were used to for the matrix of the composite. This is 
discussed in greater detail in chapter 6. Here the weakness of composite materials 
manufactured where large A1 powder sizes are used is shown.
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Chapter 5: Results
Results are presented as mixture packing fractions and mechanical properties of 
sintered samples (tensile and hardness). Discussion of these is reserved until chapter 6 
however the data itself is commented upon.
5.1 Comparison between Measured Packing Fraction and the Yu and Standish 
model
Yu and Standish [3] present a model that predicts the packing fraction of a mixture of 
particles. One of the prescribed pieces of information for this model is the size ratio 
between the large and small particles. The individual packing fraction of the unmixed 
powders must also be found before the model can be used. They claim that their 
model predicts the packing fraction to within 8% of the measured value. To test that 
claim, packing fractions of various mixtures were measured and compared to the 
packing fraction as predicted by the Yu and Standish model [3] calculated using 
equations 10, 11, 12 and 13 as presented in chapter 2. The model was tested for both 
binary and ternary mixtures. It is important to note that in this form the Yu and 
Standish model deals with powders of a uniform size. Obviously the powders in this 
case are not of a single size. The size distribution the aluminium metal powders can be 
seen in appendices B-D. Nonetheless, in this section, for the sake of simplicity of 
calculation, the powders are treated as if they were of a single size. The implications 
of this assumption will be looked at later in chapter 6. All binary mixtures contained 
aluminium and silicon carbide powders of various sizes. All Ternary mixtures 
contained Aluminium, Silicon Carbide and Zinc Sterate powders of various sizes. The 
measurement of the powder’s individual and mixed packing fractions were carried out 
in accordance with MPIF Standard 04 [73] as discussed in chapter 3. The individual 
packing fractions obtained are shown below in table 5.1. The calculation of the results 
from the Yu and Standish model was done via a spreadsheet.
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Table 5.1: Individual powder's measured packing fractions.
A1 Results
Powder Size lOjim 25\xm 33(j,m 38|im 41(im
Unmixed Powder 
Packing Fraction
0.407 0.439 0.432 0.407 0.48
SiCp Results
Powder Size 13|jm 23 (im
Unmixed Powder 
Packing Fraction
0.27 0.357
The results can be seen below:
1 1 1
□Packing Fraction (C*cUatrxJ) 
■  Packing Fraction (Measured)
m \ \
1 2 3 4 5 6  7 8 9  10 11
Sample No.
Fig 5.1.1: The Packing Fractions Measured, and those Calculated Using 
the Yu and Standish Model for a Binary Powder Mixture of 10|lm A1 and
20% by vol. 23 Jim SiCp, r=0.43
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□ Packing Fraction (Calculated) 
■ Packing Fraction (Measured)
Sample No
Fig 5.1.2: The Packing Fractions as Measured, and those Calculated 
Using the Yu and Standish Model for a Binary Powder Mixture of 33^m 
Al and 20% by vol. 23 |im SiCp r=1.65
09
0.0
0. 7
1 2 3 4 5 6 7 8 9  10
Sample No.
Fig 5.1.3: The Packing Fractions Measured, and those Calculated Using 
the Yu and Standish Model for a Binary Powder Mixture of 25(im Al and
20% by vol. 23 (im SiCp, r=1.086
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10. 9
□  Packing Fraction (Calculated!) 
B  Packing Fraction (Measured)
Fig 5.1.4: The Packing Fractions as Measured and those Calculated 
Using the Yu and Standish Model for a Ternary Powder Mixture of 3 8Hm 
A1 and 10% by vol. 23 SiCp and 1% by vol Zinc Sterate
□ Packing Fraction (Calculated!) 
M Packing Fraction (Measured
Fig 5.1.5: The Packing Fractions as Measured, and those Calculated 
Using the Yu and Standish Model for a Ternary Powder Mixture of 41jim 
A1 and 10% by vol. 23 |tfn SiCp and 1% by vol Zinc Sterate
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The above data confirms the accuracy for the model reported by Yu and Standish [3], 
Indeed, while they present data that shows a relative error of less than 8% on the 
measurement of packing fraction for spherical single sized glass beads, here the data 
suggests that the model is equally successful in dealing with powders that are not 
spherical. In Figs 5.1.1, 5.1.3, 5.1.4 and 5.1.5 the average relative error is less than 8% 
while in Fig 5.1.2 the relative error averages less than 10%. This in spite of the fact 
that we know that the powders have a size distribution in reality, that the sizes we 
have entered into the model represent only an average size for the powders and that 
they are of an irregular shape. This comparison is discussed in greater detail in 
Chapter 6.
It should be noted that there is a degree of scatter in the results shown above and that 
some of the powder mixtures packing fractions were seen to have more scattered 
measurements than others. This is largely as a result of the manner in which the 
various powders flowed through the funnel and into the beaker in the measurement of 
the packing fraction. The mixtures containing larger powders tended to flow less 
freely than those containing smaller sizes. Also the mixtures containing lubricant 
flowed more freely than those without. All of this lead to differing levels of scatter. 
This is discussed in more detail in chapter 6.
Below is a graph showing packing fraction as measured compared to as calculated by 
Yu and Standish and by the model as shown in chapter 4 of this work. The version of 
model in chapter 4 which predicts the powder packing in the mode of 3-D close 
packed was chosen for this comparison as it is felt that this will be the most applicable 
to a real packing situation. To this end equation 4 in section 4.4 was used. It can be 
seen that the results of the model in chapter 4 are much too high compared to the 
measured packing fractions of the powders. This model cannot take into account the 
random shape, size distribution and random way in which these real particles pack. By 
contrast the model of Yu and Standish is seen to be quite accurate in spite of these 
problems.
67
1A Graph C om paring P acking  F ra c tio n s  as M easured and P redic ted  by T w o  M ode ls
□ Simple Model
□ Yu and Slandish Model
□ Measured
Fig 5.1.6: A graph comparing the packing fractions as predicted by 
the Yu and Standish model and the simplified model presented in 
chapter 4 to measured packing fractions of real A1 SiCp powder
mixtures .
Three graphs are presented below representing the packing fractions as predicted by 
Yu and Standish [3] for the size ratios of powder mixture from which the tensile 
samples in section 5.2 and hardness samples in section 5.3 were manufactured. It is 
seen below that the packing fractions as predicted by Yu and Standish move around as 
the packing fraction of the powder mixtures change. Packing fraction decreases 
rapidly as size ratio approached one (where size ratio r = A1 powder size / SiCp 
powder size) and the increases as the packing fraction increases further. The only 
change in this trend below is for the largest packing fraction of all. Here the packing 
fraction decreases. This is mainly down to the fact that this powder mixture was made 
using a large (41|im) A1 powder which was seen to flow in clumps into the beaker 
during the packing fraction measurement as described in chapter 3. This caused the 
powder to trap air in it and thus to decrease its packing fraction. The effect of this is 
discussed further in chapter 6.
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5.2 Tensile Response
In order to examine whether or not a correlation exists between the packing fraction of 
the powders pre-compaction, and the mechanical properties of the material post 
sintering, a number of samples were prepared as specified in chapter 3. 40 samples 
were made from a variety of sizes of A1 powder mixed with SiCp powder in order to 
give a variety of size ratios. The materials were then tested for both UTS and 
Rockwell B hardness. The tensile response of the material is discussed in this section.
Note that all size ratios (r) quoted in this section are in the form of (size of A1 
Powder/size of SiCp powder) for the sake of clarity. This differs somewhat from the 
Yu and Standish [3] model where size ratios are always given in terms of (small 
powder size/large powder size). Also note that not all samples produced are shown 
below due to problems with sintering. The results presented below are representative 
of the whole sample however.
5.2.1 Tensile Results
Once they had been manufactured, the samples were then ready for testing in 
accordance with MPIF standard 10. The samples were tested in an Instron 4204 
universal testing machine. The results were obtained in terms of load and 
displacement and converted into stress and engineering strain by hand.
The graph below shows the tests for samples which were manufactured from powder 
mixtures comprised of 10pm Al, 25pm A1 and 39pm A1 respectively mixed with 20% 
by vol. 23pm SiCp. Thus the mixtures have size ratios, r, (Al/SiCp) of 0.43, 1.086 and 
1.69 respectively. Samples which are presented on the same graph were processed 
together in the furnace and as such received exactly the same heat and gas supply. 
Thus differences in strengths etc cannot be put down to differences in processing 
regime.
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Fig 5.2.1: Stress vs. Strain graphs for samples of different size
ratio, r.
As expected there is quite a difference in the strengths of the materials shown in Fig
5.2.1 depending on the sizes of the powders used. How do the changes in UTS as size 
ratio is changes tally with the changes in the packing fraction as size ratio is changed? 
Does an increase in packing fraction correspond with an increase in UTS? Or does the 
compacting and sintering the powder totally cancel out the differences in density seen 
pre-compaction as a result of differences in size ratio?
The graph presented below show the average UTS of the samples by size ratio. A 
comparison between fig 5.2.2 and 5.1.6, which presents the values of packing fraction 
as predicted by the model of Yu and Standish [3] and be made. Thus it is possible to 
compare how packing fraction changes with a certain change in size ratio and how 
UTS changes with the same change in size ratio.
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Size Ratio
Fig 5.2.2: Average UTS of Samples of manufactured from powder 
mixtures of various size ratios arranged by size ratio. Minimum, 
maximum and mean values of tensile strength indicated.
No correlation can be drawn between the packing fraction and the UTS from the 
above data. For example the average value of UTS for the samples made from the 
powder with a size ratio of 1.086 is higher than those made from a powder with a size 
ratio of 0.43. This is exactly the opposite of what is predicted if the UTS changes in a 
similar way to the packing fraction of the powder mixtures pre-compaction shown in 
fig 5.1.6. Flowever problems with the processing of the material (discussed in chapter 
6) may have a part to play in this.
The above powders were sintered at 617°C for 70 minutes in accordance with the 
procedure provided by O’Donnell [1J. However the samples below were sintered at 
640°C for 80 minutes to see what effect this had on the comparative UTSs.
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Fig 5.2.3: Stress vs. Strain graphs for MMCs of different size
ratios, r.
The average UTS of the above samples per size ratio is presented below. This may be 
compared to the packing fractions for the same size ratios as presented in fig 5.1.6.
Size R a tio
Fig 5.2.4: Average UTS of Samples of manufactured from powder 
mixtures of various size ratios arranged by size ratio. Minimum, 
maximum and mean values indicated.
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If the values for UTS obtained for each of the size ratios is averaged then a certain 
similarity between the above plot and the changes in packing fraction as shown in fig 
5.1.7 can be observed. This would seem to suggest that there is some link between the 
packing fraction pre-compaction and the strength of the material post-sintering. It can 
be seen that an increase or decrease in packing fraction in fig 5.1.7 from one powder 
mixture to another tends to be matched by an increase or decrease in the tensile 
strength of the material manufactured from that mixture, although the percentage of 
change is not the same. The sample size is small here however, and problems with 
processing of material has effected the results somewhat, however. These problems, as 
well as results and how they compare to the packing fraction data shown in fig 5.1.6 
are discussed in Chapter 6.
Some of the tensile samples were prepared for viewing under an optical microscope so 
that their structure could be viewed in detail. These images are presented below. Note 
that some of the'materials pictured below are not of the same composition as the 
material presented in the data above but they were manufactured using the same 
mixing and sintering process. They are included as they illustrate the structure of the 
material.
Fig 5.2.5: A sample of lOvun A1 + 10% by 23pm vol. SiCp
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Fig 5.2.6: A sample of 10pm A1 + 20% by vol. 23pm SiCp. Note (A) the 
areas of porosity as well as (B) areas where SiCp particles have been 
torn out during the tensile testing process.
200 |im
Fig 5.2.7: A sample of 18pm A1 + 20% by vol. 23pm SiCp. Note the 
increase in porosity from Fig 5.2.6.
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Pig 5.2.8: A sample of 25ym Al + 20% by vol 23ym SiCp. Again note 
that there is a high level of porosity throughout the material.
Fig 5.2.9: A Sample of 39nm Al + 20% by vol. 23vim SiCp. Note the 
areas where the silicon carbide particles are crowded together. This 
will tend to make the material weaker as no active sintering of the 
aluminium can take place in these areas.
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Fig 5.2.10: A sample of 25ym Al + 20% by vol 23pm SiCp. This sample 
was sintered at higher temperature and for a longer time than the 
comparable sample in fig 5.2.8 above.
Fig 5.2.11: A sample of 39pm Al + 20% by vol. SiCp. This sample was 
also sintered at higher temperatures and for longer time than the 
comparable sample in fig 5.2.9. Note however that the decrease in 
porosity is not as noticeable as it was for the case where the powder 
particle sizes were close together.
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200 (111)
Fig 5.2.12: A sample of 10pm A1 + 10% by vol. 13pm SiCp. Note that 
incomplete sintering has occurred and that the shape of the A1 powder
particles is still visible.
200 titn
Fig 5.2.13: A green sample consisting of 39pm A1 + 10% by vol. 13pm
SiCp.
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5.3 Comparison between packing fraction from Yu and Standish and published 
data
O’Donnell [1, 74] was successful in making a large number of samples by the 
methods described above. In order to attempt to test the relationship between packing 
fractions as predicted by the Yu and Standish [3] and the mechanical strength of 
finished material it was decided to make a comparison between the Yu and Standish 
model and the data as presented by O’Donnell. Thus below are presented graphs 
which shows variation in UTS with powder mixture size ratio from O’Donnell [1] and 
variation in packing fraction with size ratio as generated using the Yu and Standish 
model. How the two values vary as size ratio is varied can thus be compared.
The material produced by O’Donnell was produced using the same methods as 
described in chapter 3. The samples were prepared from mixtures of 16pm, 11 pm 
7pm aluminium powders and 6pm, 25pm and 28.5pm silicon carbide powder. All 
mixtures used to generate the data used below contained either 10% or 20% by 
volume silicon carbide and so the results are presented as such, figure 5.3.1 showing 
the material with 10% by volume and fig 5.3.3 showing the material with 20% by 
volume.
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Size ratio
Fig 5.3.1: Variation in Tensile strengths of A1 SiCp MMCs with 10% by 
volume SiCp with changing size ratio [1]
Size Ratio
Fig 5.3.2: Variation in packing fraction as calculated by the Yu and 
Standish Model of A1 SiCp powders with 10% by volume SiCp with
changing size ratio
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Fig 5.3.3: Variation in Tensile strengths of A1 SiCp MMCs with 20% by 
volume SiCp with changing size ratio
Sizo Ratio
Fig 5.3.4: Variation in Packing Fraction of A1 SiCp powders with 20% 
by volume SiCp with size ratio
The above results can be interpreted as showing that while a relationship exists 
between packing fraction and size ratio that is dependent on other factors. In the case 
of the powders with 10% SiCp, the variation in the tensile strength is less clear than in 
the case where 20% SiCp is used. Indeed there is very little variation in tensile strength 
at all, until the size ratio is increased to 1.1. The trend line on the graph seems to show
8 1
a linear decrease. The last point has a large influence on this. This data point 
represents a material made using a large A1 powder as the matrix material. Thus the 
low strength of this material may be explained by the mechanisms involving the use of 
large powders described in Chapter 6.
In the case of the powder with 20% by volume SiCp the variation in UTS is much 
larger. The packing fraction of the powders and tensile strength of the samples made 
from them are both seen to vary in the same way, so that as packing fraction 
decreases, so tensile strength decreases and visa versa. It must be noted, however, that 
there is a greater change in packing fraction too for the powder containing 20% SiCp 
than that with 10% SiCp.
From the above a relationship between packing fraction and UTS may be inferred. 
However it is known that packing fraction is effected by size ratio. It has been shown 
that as size ratio changes so the UTS of the material and the packing fraction tend to 
change in a similar way in certain circumstances. Therefore this may explain the 
relationship between size ratio and mechanical strength as noted by O’Donnell [1] and 
German [2] etc.
The strength of the relation between the tensile strength and packing fraction and the 
reasons why there should be a difference between a powder with 10% by vol. SiCp 
and one with 20% by vol. are discussed in detail in Chapter 6.
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5.4 Hardness
The hardness of samples made from powders of various size ratios was measured. Ten 
samples from each of the size ratio groups shown below were measured, except for 
the samples with a size ratio of 1.65 where only five samples were measured due to 
availability of powder. The hardness of the samples was measured six times in 
different locations around the sample to get a good average hardness. All of the results 
obtained are presented below in the form of a chart showing minimum, maximum and 
average Rockwell B hardnesses obtained.
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Fig 5.4.1: Rockwell B Hardnesses by Size Ratio 
Maximum, minimum and mean values shown
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S ize  Ratio
Fig 5.4.2: Average Rockwell B Hardness by size ratio of the
constituent powders.
It is apparent that the spread of results for the samples prepared with a powder of size 
ratio of 0.43 is wider than that of the other powder mixtures. On close inspection of 
the data, however, it is clear that this wide spread is due to one particularly low 
sample, a result probably due to poor processing rather than due to an underlying 
feature of material made from powder with this size ratio. If this sample is 
disregarded, the difference between the maximum and minimum hardnesses obtained 
for the first three size ratios shown above are comparable, though rather high, at 
approx 25 HRB. The lower variation in the results from the samples manufactured 
using the powder with a size ratio of 1.65 HRB is due to the presence of only two 
readings here.
Average hardnesses obtained from the samples are presented above by size ratio. 
These results may be compared to the packing fraction of the powders used to make 
them which are also presented by size ratio in fig 5.1.6. Comparing fig 5.4.2 and fig 
5.1.6 some similarity can be observed suggesting that the packing fraction of the 
powders before compaction does have an effect on the hardness of the finished
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material. This may, in turn explain the effect of size ratio on hardness as noted by 
German [2] and O’Donnell [1]. These results are discussed in detail in Chapter 6.
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Chapter 6: Discussion
The data collected for the comparison of the Yu and Standish [3] packing model and 
the packing fraction of real powder mixtures confirms the accuracy for the model, 
notwithstanding the problems caused by the distribution of the powder sizes and their 
irregular shapes. In Figs 5.1.1, 5.1.3, 5.1.4 and 5.1.5 the average relative error is less 
than 8%, while in Fig 5.1.2 the relative error averages less than 10%.
There is variation in the measured data. However, this may be in large part due to the 
method of measuring packing fraction as described in MPIF Standard 04 [73], This 
test involves flowing powder through a funnel into a beaker. The powders will tend to 
flow in a different manner each time the test is carried out leading to a different 
packing fraction as air is trapped in the mixture to a larger or lesser extent. Different 
sizes of powders also have different flow characteristics, with larger powder sizes 
tending form clumps and flow less freely, so in each case, it is important to point out 
that the measured packing fraction is a function of the way powders of this size flow 
through the funnel into the beaker as well as the size of the particles in the mixture. 
However, powders would be expected to flow in a similar manner into a die and so the 
packing fractions achieved by this method may be seen as representative.
Looking at the data for the binary mixtures alone, the data suggests that the amount of 
scatter increases as the sizes of the powders approach each other i.e. as the size ratio, r 
tends to 1. Certainly the case where r is closest to 1 (i.e. the case for 25|im A1 with 
20% by vol 23|_im SiCp where r=0.92) has by far the highest standard deviation of the 
data sets presented above. This seems be due to the fact that when the particle sizes 
are close to each other, the mode of packing will tend to have its lowest packing 
fraction. However due to the irregularity of the shape of the particles in the mixture 
the amount of porosity will tend to be very dependent on the orientation of the 
particles in relation to each other. Thus in this mode of packing, the level of porosity 
could be changed greatly by small changes of orientation of particles in relation to
6.1 Powder packing results
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each other. When the size difference is greater, the smaller particles, whichever 
material they might be, will tend to fill in the spaces around the larger particles 
regardless of the orientation of the particles in relation to each other. Thus these 
mixtures are less susceptible to scatter caused by this mechanism.
For the ternary mixtures, the same seems to apply except in the case of the 45jim A1 
and the 23|_im SiCp powder. Upon inspection, this data set has a high variance due to 
one unexpectedly high value of packing fraction that was obtained. This value lies 
outside two standard deviations of the mean value of the set, possibly as a result of 
experimental error, and it appears that this data point is not representative of the real 
level of packing fraction that would normally be measured for a powder mixture like 
this. If this data point is disregarded, the value level of scatter falls into the pattern 
described above.
It is interesting to note that in four of the five cases the model predicts packing 
fractions lower than those measured. Indeed in figures 5.1.1, 5.1.2, 5.1.3, and 5.1.4 
there is only one single data point where the measured packing fraction was lower 
than the calculated value of packing fraction. However in the case of Fig 5.1.5 the 
model has consistently overestimated the value of packing fraction. It should be noted 
that this is the largest A1 powder used in these tests at 41 pm diameter. This will have a 
two-fold effect.
First, the way the powder aluminium flows into the beaker to measure the packing 
fraction will be changed by this larger size of aluminium powder. Larger powders tend 
to form clumps and flow less smoothly in to the beaker. Great care was taken in 
gathering the data presented here that this was kept to a minimum by strict adherence 
to the MPIF standards. However, some change in the flow of the mixtures containing 
larger size powders could not be avoided. Secondly the size ratio (r=0.56 where 
r=small diameter/large diameter) is quite small. This size ratio is similar to the size 
ratio for the lO i^m aluminium powder mixed with the 23jim SiCp powder (where 
r=0.43), but in this case the larger powder comprises much more of the volume of the 
volume of the mixture i.e. 90% as opposed to 20%. The model does take this 
difference in volume into account as well as the value of r. However there is a
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difference in the shape of the aluminium powder and the SiCp powder and the way the 
different powders flow into the beaker and trap air. This makes it inevitable that the 
packing fraction as poured for a powder mixture where SiCp is the larger powder and 
fills 10% of the volume of the mixture will be of a different type to the packing for a 
mixture where the aluminium powder is the larger constituent and makes up 90% of 
the volume of the mixture. The way that these powders flow during the test is seen to 
be different and thus the way they form into clumps and trap air, creating voids is 
different. This will be the case even though the value of r might be the same. This 
difference in the mode of packing is not explicitly taken into account in the model and 
this may explain why the packing fraction measured for this mixture alone out of 
those sampled here is consistently greater than that predicted by the model.
Indeed this phenomenon will affect every different mixture of differing size ratio that 
has been measured. As it is not specifically dealt with in the Yu and Standish model 
[3] this will be a contributory factor to the error between the model and the measured 
values of packing fraction. However the predictions are always close to the measured 
values.
We need to consider whether there is any relationship between the difference between 
the model and measured values of packing fraction and the value of size ratio, r. 
Certainly in the case of the binary mixtures the data seems to suggest that the larger 
the A1 powder used, the larger the percentage divergence observed, as can be seen by 
comparing figures 5.1.1, 5.1.2 and 5.1.3. However, as stated above, the model of Yu 
and Standish [3] calculates the values of r as (r =small diameter/large diameter) so that 
as the size of the A1 powder used increases from lOjim to 38|im the value of r first 
increases and then decreases again. The change in error can be attributed to the above 
effect whereby, as the size of the A1 particle increases, the large, irregularly shaped A1 
particles give a mixture of higher porosity than the model predicts. A second 
contribution to the change in error comes from the fact that two powders can have the 
same size ratio but contain completely different size powders, which will have 
different flow characteristics and thus different errors introduced in the measurement 
of the packing fraction as required for the model.
The difference for the ternary mixtures seems to remain constant across the whole 
range of A1 powder sizes used in the data presented above. However the effect of the 
way different powder mixtures flow on their measured packing fraction is seen very 
strongly for the binary powders. The amount of zinc sterate used in the ternary 
mixtures is very low (1% by volume). Despite this small amount of lubricant, the 
powders with the mixed-in lubrication were seen to flow more smoothly from the 
funnel into the beaker when packing fraction was being measured. This, in turn, tends 
to cancel out some of the variability in the flow between the different mixtures caused 
by the different sizes of powders used. This may explain the why the divergence 
between the model and measurements tends to remain reasonably constant, at around 
2.5%-3%, for the ternary mixtures. This also points to the cause of the increasing error 
for the binary mixtures being related to the difference in the way the powders of larger 
size particles flow when measuring the packing fraction. This seems to rule out any 
relationship between size ratio and the model’s accuracy as such.
The particle sizes which were entered into the model of Yu and Standish in this work 
were mean sizes. However the actual powders measured to compare with the model 
consist of many different sizes of particle distributed around the mean. The size 
distributions of three of the A1 powders can be seen in Appendices B-D. It can be seen 
quite clearly in these graphs that the size distribution is reasonably bell shaped, 
although there is quite a large variation in the sizes of the particles between the 
smallest and the largest. The different size distributions of the powders will also be a 
contributory factor in the differences between the measurements and the model. Each 
of the powders has its own distinct size distribution and this will affect the 
measurement of packing fraction.
Further work needs to be done however to fully integrate the distributed nature of the 
powders used, into the calculations of packing fraction. Yu and Standish [3] allow for 
this in their model. However, a reliable method of measuring packing fraction while 
taking into account the distribution of particle sizes in the powder needs to be found 
before this can be done successfully.
It should be noted that none of the tensile or hardness samples prepared in this work 
used a mixed in lubricant. Thus they can all be considered to be manufactured from
89
ternary mixtures. However such samples may also be manufactured using mixed-in 
lubrication and so the ternary data is included above in figures 5.1.4 and 5.1.5 for 
completeness.
So, it is seen in chapter 5.1 that the percentage difference between the packing fraction 
of the un-compacted mixture and the packing fraction as predicted by the Yu and 
Standish [3] model for that mixture is well within the 8% as reported in the literature, 
with the ternary mixtures in figures 5.1.4 and 5.1.5 averaging around 3%. Thus the 
model appears to give more accurate results than claimed by the authors in their work 
for these powders.
6.2 Tensile Results Discussion
The tensile strength data is somewhat inconclusive. For of the first group of samples 
generated and shown in fig 5.2.1 there is very little observable correlation between 
ultimate tensile strength (UTS) and packing fraction as predicted by the Yu and 
Standish model. This can be seen by comparing fig 5.2.2 and fig 5.1.6. These samples 
did not sinter well so it is probable that any size ratio effect that might exist will be 
unobservable due to the poor sintering. However for the second group of samples, 
shown in fig 5.2.3, there does exist some comparison between the variations in UTS 
and the calculated packing fraction in fig 5.1.7. A different processing regime was 
used to produce this second group of samples (i.e. they were processed at 640°C and 
for 80 minutes as described in Chapter 3) and it is probable that the longer processing 
times and higher temperatures used for the second batch of samples led to a better 
material. While the material is not shown to be stronger in any significant sense with 
more energy and time available for sintering the micrographs in chapter 5 seem to 
show that the materials sintered more fully. Thus any size ratio effect that exists 
would be more likely to be seen in these samples than in the first group where the 
materials did not sinter well at all.
A more accurate method of showing that the samples were sintered more fully would 
be to carry out density tests on the samples. This could show any differing level of 
sintering and quantify it very accurately. Unfortunately due to time constraints such 
tests were not done in the here and they are left for future work.
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In the case of the second group of samples, in every case if the packing fraction of a 
powder mixture of a particular size ratio is higher than the packing fraction of a 
different mixture, then its UTS will also be higher and visa versa. However, the 
magnitude of the changes are not seen to be the same. Indeed in one case (the sample 
with a size ratio of 1.086) a small increase in packing fraction from the previous 
sample corresponds with a much larger increase in UTS. This may be down to the 
problems experienced with manufacturing the material discussed below. However, 
these results do indicate a relationship between packing fraction and tensile strength 
and that both are altered in the same direction by changing size ratio.
In an attempt to show some of the microstructures of the materials micrographs are 
presented in chapter 5. The samples which were available to take micrographs were 
the samples which had been used for the tensile tests. Thus they had been deformed 
previously and so were not entirely suitable for this purpose, however it is felt that 
they can still give an indication of the true structure of the material post sintering.
Examining the photographs of the microstructure presented in chapter 5 above we can 
see the differing ways that the materials tend to sinter as the relative sizes of the 
particles is varied. In Fig 5.2.5 we see the structure of a material made from 10|im A1 
with 10% by volume 23|im SiCp. The size ratio is quite low at 0.43 and the material 
seems to have been reasonably well sintered. However some porosity can be seen and 
the shape of the metal particles can still be partly seen, showing that incomplete 
sintering has occurred. It is known that the SiCp plays an important in the sintering of 
A1 SiCp MMCs as upon compaction it tends to puncture through the oxide layer of the 
aluminium powder and thus allow better sintering to occur [1, 2, 69]. The relatively 
low volume fraction of the SiCp in this instance may have played a role in the 
incomplete sintering seen here.
Fig 5.2.6 shows material made of the same two constituents but with 20% by volume 
SiCp. The levels of porosity do appear to be lower here by a certain amount. This 
figure also has large areas which correspond to where SiCp particles were tom out 
during the polishing which the sample underwent to prepare it for the microscope.
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Fig 5.2.7 shows a material made of 18j.im A1 with 20% by volume SiCp and fig 5.2.8 
shows material of the same proportions of 25 j_l rn A1 and 23fim SiCp. The size ratios in 
both cases are close to one at 0.78 and 1.086 respectively and an increase in the 
porosity throughout the material compared to that shown in fig 5.2.6 can be seen. This 
would appear to support the idea that when the powder sizes are close together the 
porosity between them is greater before compaction and that this greater level of 
porosity is not reduced during subsequent compaction or sintering.
Fig 5.2.9 is a micro-graph of a material made of 38p,m A1 with 20% by volume SiCp. 
Here the size ratio is quite large at 1.65. The edges of the original A1 particles are 
visible in some areas of the graph. This points to incomplete sintering of the material.
No samples which could be said to have sintered properly were produced during this 
work. The poor strengths of the material are probably due to some problem with the 
sintering rig used to manufacture them. It seems most likely that the atmosphere in the 
furnace was not inert and that as such the powders oxidised rather than sintered. Due 
to the poor strengths of the material produced during this work, and the somewhat 
inconclusive nature of the microstructural examination above, the decision was taken 
to continue With discussion of the comparison between the change in packing fraction 
of poured powders and changes in mechanical strength of material using previously 
published data.
By far the lowest UTSs are obtained for the samples shown in fig 5.2.9. It has been 
noted previously by O’Donnell [1] and German [2] that in Al-SiCp MMCs 
manufactured by this method, the strength of materials manufactured using larger A1 
powders tends to be smaller, regardless of the size ratio between the powders. This 
can be attributed to the larger voids between the particles pre-sintering, which is a 
feature of the use of larger powder sizes. While the powder of the smaller size could 
fill these pores were it present in sufficient quantity, in this case the smaller SiCp 
powder is only 20% by volume and so will only partially fill these large voids. 
Furthermore the silicone carbide takes no active part in the sintering process. Contrast 
with the situation where 10|im aluminium and 23|.Lm SiCp were used. Here the large 
pores are between the larger SiCp particles. However the smaller aluminium powder is
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still 80% by volume and so can easily fill the large voids in the mixture, pre­
compaction. The aluminium powder will also actively sinter to further fill these voids.
(a) (b)
Fig 6.2.1: (a) A powder mixture where a large amount of the smaller
constituent powder is present (b) a powder mixture where a small 
amount of the smaller constituent powder is present.
In figure 6.2.1 above two powder mixtures are illustrated. One has a large amount of 
the smaller constituent powder present. The other has a small amount of the smaller 
constituent powder present in the mixture. Let us take it that the dark particles are 
SiCp and that the white particles are Al. When the (dark) SiCp is large and the (white) 
A1 small there is sufficient Al to fill the voids between the SiCp and thus the sintered 
product has higher density. When the Al is larger there is little SiCp to fill the voids so 
the large voids remain and large pores may remain after sintering.
Fig 5.2.9 seems to show that as a result of the extra porosity in the powder mixture in 
mixtures of this type, incomplete sintering has occurred. This can explain the 
seemingly inherent weakness of materials made in this manner where large Al 
powders are used. So it seems that the decrease in strength of such materials seen in 
this work and previously [1,2] can, at least in part, be attributed to this mechanism. So 
we see that it is important for a good mixture and thus a good mechanical strength to 
be achieved that sufficient amount of both powders be present in the mixture.
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It should also be considered that it was seen in the measurement of packing fraction 
that the powders containing the large A1 powders and no lubrication flowed less 
smoothly and as a result of this tended to trap air and have lower packing fractions. It 
is probable that this same effect will be seen when such mixtures flow into the die pre 
compaction and that this decrease in packing fraction may have a detrimental effect on 
the mechanical properties of the material, even post sintering.
In figs 5.2.10 and 5.2.11 we see materials which are of the same composition as those 
shown in figs 5.2.8 and 5.2.9 respectively. However these materials were sintered at a 
higher temperature and for a longer time than the earlier mixtures. The reduction in 
porosity can clearly be seen which should naturally lead to a stronger material. 
German [2] notes that as sintering times and temperatures are increased so the size 
ratio effect is decreased. This is put down to the increased time and energy of sintering 
being able to overcome the effects of increased porosity due to the differences in size 
ratios between the constituent powders. However in this case the overall strength of 
the materials produced at the higher temperature and longer sintering time was not 
seen to change discemibly from the strengths of the materials as seen in figure 5.2.3 
and the material strengths are seen to vary with size ratio still. Thus the effect of the 
large A1 particles on the strength of the materials does not appear to have dissipated. 
This seems to contradict German [2], It is possible that some other fault with the 
manufacturing process used to produce these samples meant that even though porosity 
was seen to decrease the strength did not increase. Also, higher temperature and 
longer time could also give more opportunity for problems such as oxidation or large 
grain growth, either of which can inhibit strength. Further work needs to be carried out 
in order to gain an understanding of this problem.
It must also be noted that although we are looking at how the relative sizes of the 
powders effect the strength of the material, post sintering additional processes have 
been carried out on the material in the data shown above i.e. they have been 
precipitation heat treated and age hardened. Naturally, these processes will affect the 
granular structures of the materials, causing a different grain structure in the material 
than the one that exists post sintering.
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It might be considered that such an action may mask or distort any relationship 
between the size ratios of the powders and the material strengths of the finished 
materials that might exist. However the processes used here are exactly those of 
O’Donnell [1] and in that case the relationship was clearly seen as it was in the work 
of German [2]. It is this relationship that was investigated in this work and so the 
manufacturing process was kept exactly the same. It should be noted that in this case 
we are looking at the relationship between the powder particle size and the mechanical 
strength rather than between grain size and material strength. The particle sizes are 
chosen before any processing takes place at all. During the sintering process the 
particles ought to grow into each other and the voids between them close to a certain 
degree. Thus the porosity of the material as determine by the size ratio of the powders 
is determined and set once the sintering process is finished. If is thought that the 
subsequent processing of the material is at a temperature which is too low to 
significantly effect this process further and so, though the structure and size of the 
grains of the material may be altered, the effect of the relative sizes of the particles of 
the metal and silicon carbide powders should not be greatly altered. However when 
considering the results presented above the effect of the subsequent processing should 
be borne in mind and it would be worthwhile in any future work looking at the effect 
that such post-processing has on any size ratio effect.
The absolute values for UTS obtained in the tests presented above are very low, well 
below that which might be expected for such a material. This in spite of the fact that 
the sintering regime used here is exactly that used by O’Donnell [1], which obtained 
UTSs in the range of 100-200 MPa. The only real change is the introduction of a new 
kiln into the furnace. In the work done by O’Donnell the kiln used was basically a 
square metal box that filled the inside of the furnace. This has been replaced by a new 
kiln with four separate chambers to enable experiments on different sintering times 
and interrupted sintering to take place in different chambers simultaneously without 
disrupting processing in another chamber.
The problem with the kiln set-up used in the above tests appears to be in its inability 
to maintain the correct processing atmosphere, which is so vital for the processing of 
the material. Unlike in the kiln set-up as used by O’Donnell [1] the lids of the 
chambers are not clamped down, making it extremely likely that oxygen could defuse
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into the chambers. Also there is nothing to prevent the lids of the chambers from 
“barrelling” slightly when at high temperatures creating an even bigger gap for 
oxygen to get into the processing chamber. Secondly, the use of fire-block in the lids 
of the chambers, which contains an oxide material, provides a further source of 
oxygen contamination in the processing chamber. This leads to a possible oxidation of 
the material during either, or both, the annealing and the sintering operations.
Tests where the fire-block was removed and weights placed on top of the lids of the 
processing chamber in order to prevent barrelling have provided powders which, when 
sintered, have produced samples with UTSs of over 63 MPa. This seemed to suggest 
that the kiln set-up used to produce these parts was not suitable for the sintering of this 
material and so the decision was made to return to the box kiln as used by O’Donnell 
[1]. However on refitting the box kiln no real improvement in the strength of the 
material manufactured was seen. The strengths increased to the order of 40-50 MPa on 
average, still well short of the levels reported by O’Donnell although the equipment 
and methods used were the same. Because no significant improvement was achieved, 
results from the experiments carried out with the box kiln are not presented here.
6.3 Comparison of packing fraction results with published Tensile Results
In chapter 5 a comparison between packing fraction as calculated using the Yu and 
Standish [3] model and UTS as measured by O’Donnell [1] for samples of A1 SiCp 
material made using PM methods can be made from the data shown in figures 5.3.1, 
5.3.2, 5.3.3 and 5.3.4. These results show that there is a link between the packing 
fraction of the powder before compaction and the mechanical strength of the material 
after processing.
The data for the powder containing 20% by volume SiCp certainly indicates some 
relationship between packing fraction and tensile strength. In this case it is clear that 
as fig 5.3.4 (which shows how packing fraction for the powder mixture as calculated 
by the Yu and Standish model varies as the size ratio of the mixture is changed) 
decreases, so fig 5.3.3, (which shows how the UTS of the material varies as packing
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fraction is changed) also decreases. Similarly as the packing fraction of the powder 
starts to increase again as size ratio gets greater than one (i.e. as the powder sizes get 
further apart again) so strength also increases. So a decrease or increase in packing 
fraction seems to be matched by a decrease in UTS although the magnitude of the 
decrease is not the same.
However the tensile strength of the samples made containing 10% by volume SiCp_ 
figs 5.3.1, did not vary with packing fraction, instead staying reasonably constant 
throughout a large section of the range of size ratios tried. Furthermore, samples in 
this group never showed an increase in strength as packing fraction increases at large 
size ratios. This shows that while packing fraction is a contributing factor to the 
tensile strength of the material, it is not the only factor which needs to be considered. 
So why does UTS change with packing fraction for a material containing 20% by vol. 
SiCp and not for one containing 10%? One possible answer lies in the fact that the 
effect of size ratio on packing fraction is dependent on the interaction between 
particles of two different sizes. Therefore, if there are not enough particles of either 
size present in the mixture then this interaction will have less of an effect. Below is a 
graph illustrating the changes in packing fraction with size ratio for a number of 
mixtures of the same two powders, each one containing different amounts of each 
powder as calculated from the model of Yu and Standish [3]:
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Fig 6.3.1: Variation in packing fraction as with size ratio for a 
number of mixtures of the same two powders where the % by volume of 
one of the powders is varied in each mixture
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It is clear from fig 6.3.1 that in order to get a significant change in packing fraction as 
size ratio is changed, there must be a sufficient quantity of both constituent powders 
present. The closer the mixture is to a 50/50 mix of both powders (by volume) the 
larger the variation in packing fraction with size ratio will be.
It should also be noted that in fig 6.3.1 there is an area for the powder containing 10% 
by volume SiCp where there is very little change in packing fraction with change in 
size ratio. The region where it remains constant is a size ratio between 0.1 and 0.5. 
Each of the subsequent mixtures also has a reasonably constant area of packing 
fraction but for a smaller range of size ratios. In effect this means that there is a 
reasonable wide range of size ratios for powder mixtures containing small quantities 
of one powder where no large change in packing fraction will be seen. Thus no change 
in mechanical properties as a result of changing packing fraction can be expected. 
However when both powders are present in sufficient quantity (i.e. nearer to a 50/50 
mixture) this flat region disappears. Thus, according to the model of Yu and Standish 
which has been seen to predict packing fractions accurately over a wide range of size 
ratios and powder sizes, for these powders any change in size ratio will give a change 
in packing fraction and so any change in size ratio will lead to a change in UTS. The 
decrease in strength seen in the material which contained 10% by volume SiCp as size 
ratio increased can be explained by the effect of the large aluminium powders which 
were used in their manufacture. It has already been noted here and in [1] and that 
matrix material made from large powders tends to have a detrimental effect on UTS.
Thus figures 5.3.3 and 5.3.4 show that there is a relationship between packing fraction 
of the powders and the tensile strengths of the material made from them. As changing 
size ratio leads to a lower packing fraction, the tensile strengths of the material made 
from those same powders when compacted and sintered, tends to decrease. However, 
a sufficient amount of both powders must be present for this effect to become 
important. Thus size ratio and its effect on packing fraction does have an important 
role to play in determining mechanical properties and can directly affect them. 
However, other factors such as the size of each constituent powder and the material 
chosen as the larger powder also have a role to play in the mechanical properties of 
the finished material. It has also been shown in figs 5.2.9 and 5.2.12 that if both
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powders are not present in the mixture in sufficient quantities that this will lead to a 
high level of porosity in the mixture as poured that will not necessarily be overcome 
during the sintering process.
However fig 5.2.7 and fig 5.2.8 certainly show that under the correct conditions 
packing fraction and tensile strength do change in a similar way as size ratio is 
changed. This may explain the dependence of the mechanical properties of materials 
of this type manufactured using these methods on size ratio as noted by O’Donnell [1] 
and German [2],
6.4 Discussion of Hardness Results
Material samples were manufactured and the hardnesses of them measured as 
described in chapter 5. How the hardnesses obtained changes with the changing size 
ratio of the powder mixture was plotted in fig 5.4.2. How packing fraction (as 
calculated by the Yu and Standish model) changed for the same changes in size ratio 
was also plotted in fig 5.1.8. Comparing fig. 5.4.2 and fig. 5.1.8 above, a similarity 
can be observed between the shapes of the plots. For three of the powder mixtures the 
change in direction (i.e. a positive or negative change) of the curve plotting the 
hardnesses of the samples is matched by a corresponding change in direction of the 
curve for the packing fraction e.g. the hardness of the sample manufactured using a 
powder mixture with a size ratio (Al/SiCp) of 0.43 is lower than that of a sample 
manufactured using a powder with a size ratio (Al/SiCp) of 0.98 and the packing 
fraction of the mixture with a size ratio of 0.43 is also lower than that of the mixture 
with the size ratio of 0.98.
However the powder mixture with the size ratio of 1.65 does not behave in this way. 
For this powder the predicted packing fraction is higher than that for a powder mixture 
with a packing fraction of 1.43. However the hardness measured for a sample sintered 
using a powder mixture with a 1.65 size ratio is lower than the hardness of a sample 
manufactured from a powder mixture with a size ratio of 1.43. The explanation for 
this is that the A1 powder used in the mixture with size ratio of 1.65 was a 38|J,m A1 
powder, the largest A1 powder used in these tests. As with the tensile response of the 
material discussed in section 6.2, the hardness of the material appears to be adversely
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effected by the use of the large Al powder due to the increased porosity around such 
powders pre-compaction and the inability of the sintering process to 1111 these large 
voids at the times and temperatures used in these tests.
It is seen that as the size ratio of the powder mixtures changes the packing fraction the 
mechanical properties of the finished material are affected. However, as with the 
tensile strength of the material, other factors, such as the actual size of the powders, 
will also influence these properties.
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Chapter 7: Conclusions and Future Work
7.1 Conclusions
The aim of this project was to explore the relationship between the mechanical 
properties of A1 SiCp metal matrix composites manufactured using powder 
metallurgical methods, and the size ratios of the powder mixtures used to manufacture 
them. Having looked at the options, it was decided that a possible cause of this 
relationship, which had been noted elsewhere, was to be found in the changing 
packing fraction of the powder before compaction which results with the change in 
size ratio. The model of Yu and Standish [3] was chosen to try to effectively predict 
the packing fraction of the material due to its simplicity and its use of the size ratio of 
the powder being used as prescribed information, therefore guaranteeing that the 
effect of the size ratio on packing fraction could clearly be seen and tested.
The testing carried out on the model has shown that it is useful for predicting the 
packing fraction of such metal/silicon carbide powder mixtures. The materials used 
here are of irregular shape. Also the work above assumes all particles are of a uniform 
size when, in fact, their sizes are distributed around a mean. In spite of this packing 
fractions as predicted by the model are within a maximum difference of 10% 
generally well within the 8% difference level reported by the authors when compared 
with measurements obtained in the laboratory. Thus the model of Yu and Standish [3] 
can be used to predict the packing fraction of these and other metal powder mixtures 
with some degree of accuracy. Its simplicity and ease of calculation also recommend 
it. It is also extremely useful in any circumstance where, as in the above work, size 
ratio needs to be explicitly taken into account. However if a higher degree of 
accuracy is required then another model, possibly one of the other models discussed in 
Chapter 2 may be needed.
Having proven the accuracy of the model for predicting packing fractions for these 
materials, the proposed correlation between changes in packing fraction and changes 
in mechanical properties of finished material was investigated. It did not prove 
possible to manufacture material of a sufficiently high quality to rigorously test the
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theory, even though the same methods and equipment as used by O’Donnell [1] were 
used in this work. The tests on the material produced do give an indication that a 
relationship does exist between packing fraction and strength and that both changed in 
the same manner as size ratio was changes. However, using the data that O’Donnell 
produced it was possible to test for any relation between packing fraction and strength. 
It was found that a correlation between packing fraction and mechanical properties 
does exist in the correct circumstances. An increase in the packing fraction of the 
powder mixture before compaction and sintering was seen to lead to an increase in the 
mechanical strength of the final material. However the magnitude of the increase in 
strength or hardness was not the same as the increase on packing fraction caused by 
the size ratio effect partly because the size ratio effect is dependent on the percentage 
volume of both powders present.
It is possible to conclude that in cases where there is a sufficient amount of both 
materials present to create a significant change in packing fraction as size ratio is 
varied, the change in packing fraction will be mirrored in changes in mechanical 
strength. The compaction and sintering regimes investigated by O’Donnell can 
therefore be said to have been insufficient to overcome the increased porosity of the 
powder mixture as the sizes of the constituent powders get close to each other. 
However this is not to say that other compaction and sintering regimes may not cancel 
out this effect by closing up this extra porosity.
The model of Yu and Standish shows in fig 6.3.1 that in order for the size ratio effect 
to have a large impact on packing fraction, sufficient volumes of both powders (in the 
case of a binary mixture) must be present in the mixture. If both powders are not 
present in sufficient quantities there will be much less of a reduction in packing 
fraction as the sizes of the powders get close together. This would also appear to have 
an effect on mechanical properties with mechanical properties of materials containing 
small amounts of one constituent part showing less of a correlation to packing fraction 
changes.
This work shows that it is to be possible to pick powder sizes and quantities which 
will create mixtures with inherently high packing fractions. These materials will have 
lower porosities pre-compaction. They should therefore be easier to compact to high
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density and thus should sinter better at lower temperatures and shorter times, leading 
to a saving in expenditure.
In summary then, it has been shown in this work that the effect of size ratio on 
mechanical properties as noted by O’Donnell [1] and German [2] may be attributed to 
the change in size ratio dependent packing fraction. However it has been shown that 
other factors such as the size of the matrix powder, time and temperature of sintering 
can also modulate the material’s mechanical strength and may even, in some cases, be 
used to overcome the size ratio effect.
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7.2 Future Work
The aim of this project is to investigate the relationship between the mechanical 
strength of A1 SiCp MMCs manufactured using PM methods and the size ratios of the 
powders used to manufacture them. Much work remains to be done to understand the 
true nature of this relationship. There is little doubt that the inherently better packing 
provided by powders with a large difference in their sizes improves the sintering 
process. However the amount of both powders present in the mixture is also of critical 
importance. The interaction between the amount of each powder present in the 
mixture and how size ratio affects the mechanical properties of the material remain to 
be investigated.
It has been shown in section 5.3 that as mixtures containing powders with different 
size ratios, and thus having different packing fractions, are used to manufacture 
material, the changing packing fractions do have an effect on the mechanical strength 
of materials. Certainly in the case of materials sintered using relatively low 
temperatures and short times changes in packing fraction caused by changes in size 
ratio between the powders do seem to relate to changes in mechanical properties i.e. 
better packing fractions give materials with better strength. However, there is a 
suggestion [2] that if times of sintering or temperatures are increased then the effect 
may be to be negated. It is assumed that this is because the material has more time 
and/or energy to fill the larger pores due to the decrease in packing fraction caused by 
changes in size ratio.
A detailed examination of samples where size ratio, r, is close to one (i.e. the 
constituent powder sizes are close together), some of which have had shorter times 
and lower temperatures and some of which have had longer times and/or 
temperatures, under a Scanning Electron Microscope (SEM) ought to give an insight 
into what is happening when sintering times or temperatures are increased. Density 
measurements of samples should also be carried out as this could easily and accurately 
determine whether increased times and temperatures lead to decreased porosity. It 
should also be possible to discover the best and most efficient method of sintering in 
order to overcome the effect altogether if this is possible. The transition point between 
a mode where the size ratio effect is in play and where it times and temperatures are
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sufficient to overcome it may also tell us a lot about the best way to sinter such 
materials. If it is possible to pick materials which have inherently high packing 
fractions then the need for using high temperature and long times may be negated, 
thus saving on processing costs. The full potential for this type os saving needs to be 
investigated.
The samples prepared to give the data provided in this work have all proved to be 
significantly less strong than might be expected. This is in spite of the fact that times, 
temperatures and gas flows laid out by O’Donnell [1] have been followed and he 
reported UTSs, which are comparable to standard strengths for such materials. Indeed 
even the same equipment that O’Donnell used is still in use. Work needs to be done 
to discover why there is a discrepancy between the samples prepared in this work and 
in that of O’Donnell [1].
All samples of material tested in this work have been processed post-sintering. It is 
possible that this post-processing has altered the structure of the material in such a 
way as to change the effect of the size ratio of the powders on the mechanical 
properties. Any future work on this subject ought to examine what this effect is and 
quantify it if it exists.
The fact that the powder sizes are distributed needs to be taken into account. All 
calculations above use an average value for the sizes of the powders. However it is 
known that this is not the true size of the powders. It is possible for the distribution of 
the powder size to be taken into account in the Yu and Standish [3] model. The 
distributions of the powders can be measured using laser measurement techniques on 
the powders. Such results can be seen in Appendices B-E. However a problem still 
remains in taking the distribution into account in the measurement of the packing 
fraction of the powders on their own which is a prescribed piece of information for the 
model. This problem must be resolved in order to see if it is entirely reasonable to 
measure packing fraction as was done in this work or if a more detailed method is 
necessary.
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Appendix A
Section A.1: How Far does the top disc sit into the gap created by the two 
beneath it.
If we consider a triangle between the centres of the discs all sides of the triangle are 
equal to 2R. Therefore the triangle is equilateral and so all the angles are at 60°. This 
implies that the section of the disc which is in the triangle has and area equal to 1/6 
that of the disc as a whole. Therefore the area of the discs in the triangle =l/27tR2. The 
area of the whole triangle = l/24R2Sin60=V3 / 4R 1. Thus the area of the gap in 
between the discs can be seen to be
4 2
=0.16R2
We now want to find the distance between the bottom of the gap and the bottom of the 
disc on top. Again, consider a triangle as shown.
A.l
Fig A.2: Triangle to  find the size o f the gap.
Sin60=V3/2 = ^ ^
2 R
2yf3R = 2R + 2x
^ x  = 0.732R
=> r < 0.366/?
A.2
For the top disc to sit as shown above then we can also say the following.
Cos60=R/2R=l/2
/. Cos6Q = ——  = — 
R 2
i.e. we can see the following in relation to where the top disc sits.
Fig A.3: C onsider the follow ing shape in order to calculate the length o f the chord w here the top
disc sits
So the top sphere sits down to a depth where a chord =R. This implies that if we place 
a disc in Ibis area then we can draw a triangle as shown.
/  30
Fig A .4: Wc draw  the follow ing triangle inside the top disc. The length o f  the w hole vertical line is 
R. H owever the length o f this line inside the triangle is the unknown x. T h is must be calculated to 
discover how far into the gap the top disc sits.
Cos30=V3/2 = x /R
So we can see that the top disc sits into the gap by a distance o f  0.134 o f a radius 
when in this formation. Also each disc added to the mixture adds four additional unit 
cells. Two will be shared with the discs already present. Therefore we multiply the 
unit cell area by four times the number o f  discs present to get the unit cell area for the 
whole mixture. This assumes that there are a large number o f  discs present.
A.4
Appendix B
M S J M  A S T E R S I Z E R
The Aluminium Powder Company isMma 12.12PM
80B1 ♦ 1 0  -38 ’ Run N um ber 30
Souroe: A nay*»d
. M a ttu rsd  on; 13 Jut 2003 12:11 PM
, P rw m ta tlo n : 20HD 
I Vory Po yd  b p « * «  modal
Roitdual -  0.371 %
\d (0 .1 ) = 13.38 pm  
' Ùafow 4.50 um » 0.00 %
! Below 12.00 um *  7.03 % 
<5peit •  T.29
LSftuHr MoiLn.CtX3.2l 1 -  ¿ O .a i-ji
Votum * Reicult
Cono«ntf«tkMi -  0.048 % 
d (0 .5) *  24.81 
Below 6.00 um = 1.07 % 
Below 20.00 um =* 31.91 % 
Below 45.00um = 89.71 %
Focu* -  M 0  mm.
O btcurailon -  19.80 % 
d(0.9) = 45.37 pm 
Below 10.00 um = 3.87 % 
0  [4. 3] -  29.40 pm 
Below 75.00um a 98,10%
30
Volume (%)
Size (Lo) flnwjlt in 
%
S i i .  (Hi) 
pm
ftwun S-ti* {U} 
Vim
l?e*UB in 
%
Sita tl'lft fW-lsI
-  ■ ■ O T o . i f f 1.32: 0.10 25.4« 10, »3 31.01
U ! 0  00 1.80 0,1 B 31.01 13 21 37.79 82.12
K M 0.05 1.95 0.21 37.79 8.30 46.03 90.4ft
\<ai 0.07 2.33 0.28 48.03 4.89 58.09 95.17
2,38 O-Ofl 2.90 0.37 58.09 2.30 88.33 97.47
2 . « 0.11 3.53 0.48 68.33 1.13 83.28 9B 60
3-33 0.14 4.30 0.82 83.28 0.58 101.44 99.18
4,30 0.21 5.24 0 84 101.44 0.34 123.59 99 32.
5 24 0 36 8 39 1.22 123.59 0,20 160.57 99,721
0,30 0 71 7  7B 1,92 150.37 0.12 183.44 99.84
7-7» 1.35 9.48 3,28 183.44 0,07 223.51 99.91
2.02 11.55 8.20 223.31 0,04 272.31 99.08'
11.33 3,81 14.06 11.01 272.31 0.02 331.77 99.98
14=08 9 63 17.15 21.44 331.77 0.01 404.21 99.99
it, »a 13,91 20.90 35,35 404.21 0,01 492.47 100.00
20.&0 18.93 25 46 52 28 492.47 o.oa 600.00 100 00
101
r
i
dì ‘ r ^To
vlafvcrn Instruments Ltd.
\ri*fvern, UK
Tel:-+{441 (0)1684-892456 Fax:-H44| (0)1684-892789
1Ó.0 ?
Particle Diameter (Mm.) 
Mastersizer X Ver. 2.10 
Serial Number: 6551
“TÓÒ1T •tooo.o
;0
70
60
P°
40
30
.20
10
0
p. e
15 Jul 03 12:1
M A S T E R S I Z E R
VMunz ii The Aluminium Powder Company is ju 20011232pm
8061 -<-38 -45 :Run Number 82
Source: Analyved
on: 15 Jul 2003 12:31 PM
P r*M ItU lkM t: 20H D
V#ry PoVclh,PorM  modal Votum« R«wuN Foco« ■ 300 mm.
RmtbSvt* -  0 434 % CiKieanlraUon -  0.083 % Obscuration* 15 .37%
d (0.1) a 16.43 d (0 .5) •  33.26 ym d(0.9) = 60.38 fjm
Below 4 50 u m m 0  5 9 % Below Q.00 um =  0.98% Below 10.00 urn = 2.51 %
Below 20.00 urn ■  16 69 % D (4, 3] -  38 02
S p a n " 1-32
s o ^ t w U M H i iu r a j i i -  M .Qfl.um
Below 4S.00um = 75.08% Below 75.00um = 95.09 %
____________ S o w ito -S u d ic tA i t a r  , 0.2330 ig n u fa m ________________
&ZB (Lo) 
um
Rasuit m 
•A
Sea (HO
jim
Rauilit 
Q*kr* %
' ' 2Ä.40 14.39 31.01 44.ÒÌ
31,01 17,18 37.79 01-18
37,79 15 48 46 03 76-66
46 03 10 83 50 09 37.49
53 08 S  92 00 33 93,41
08 33 2 92 83.26 98,33
83,26 1-47 101.44 97,79
101,44 0 84 123.59 98 03
123.59 0.51 150.87 99 13
150.57 0 33 183,44 08.48
133 44 0.21 223.51 99 88
223,61 0,14 272.31 99 62
272,31 0 0 9 331.77 99 01
331,77 0 05 404 21 99 26
404.21 0 0 3 492.47 99 99
492,47 0.01 00000 100 00
Stea {i<5> 
turn
H osut in 
%
tìtó i 1.110 
tUM
ftw u n  
BeluW H
0.5O 0.00 1.33 0,0«
< 32 0,00 1.80 a  »3
1 .M 0 0 5 V « 0.20
1.95 0-07 2.38 0,27
2.38 Q.oa 2.90 0.35
2.90 0,09 3.53 0 45
3.53 0.11 4.30 0 58
4.30 0 .10 5.24 0,72
3,24 0.20 0.38 0.98
6 391 0.44 7 78 1.42
7,78 j 0.78 8 48 2.20
9,48 1.52 11.55 J.TZ
11,53 2.77 1 4 0 8 1 8.4«
«4.08 4.74 ,17.15 (  11,22
1 7 . IS 7.39 2 09 0 1 18,61
« .« a IQ *2 sa. 46 20.43
V olume (%)
201.
f
miJ60
-50
1 0 Ì1
_40
_30
0.1 . 1.0  '
Malvern Inal rumenta Ltd,
Malvern, UK
Tet;=+1441 (0)1604-892456 Fax:+{44] (0)1604-892769
1Ö0 '
Partici© Diameter (pm,) 
Maaterelzer X \/er. 2,18
SerfsJ Number: 653 Î
100.0 "•fdoo.o-
iI
_10
Jo
p, &
15 Jul 03 12:3:
Appendix D
M 4 IM ERN M A S T E R S I Z E R
The Aluminium Powder Company 15 Jul 2003 12:24PM
8001 +45 -53 :Run Number 61
Soufca: Analysed
M w v te d  on: 13 Jul 2003 12:24PM
P t in -n w w o : 20H D
V ifiy  pofydtap«ree modal Vo lum * RosuR Focus ■ 300 mai
R r t k t iu l«  0.446 •* ConcenlrBtkHi -  0.076 % Obecurallon ■ 15.58 %
d íÚ .I ) = 20.96 um d (0 5) =■ 38.94 vm d (0.9) = 63.58 fjm
öeJotv 4.50 um ■ 0 0 4 % Below  6,00 um -  0.21 % Below 10.00 um =  1 26%
Bs low  12.00 urn 2.11 % Below 20.00 um = 9.78% D [4, 3) -  42.06 (im
S p an «  1.09 BbIow 45.00um => 65.35% Below 75,OOum =- 94.48 %
V m 3Í1 30 um
Sste iLö) Amw* in «fKHJÜ £ttt* [Loli Roturo ln f tM ir t
l,irrt % prn f “ .......... %
"ESff o .M 1 . « ü.dü 25.46 11 .«a 31.01 20.52
1p32 0.00 1.00 0.00 31.01 10.32 37.79 48 83
1.80 0.00 \ M (3.00 37.70 20 78 46 .031 67.50
1.95 0.00 2.39 0.00 48.03 16.07 58.00 83-87
2.aa 0.00 2.90 0.00 36.09 8,87 88.33 92.33,
2.90 0.00 3.53 0.00 88.33 4 01 83.26 96.35
3 53 0.02 4.30 S.03 83.28 1.04 101.44 98.19
4=30 0.08 5.24 0.11 101.44 0.92 123.50 99.11
5 24 0.18 8.39 0,37 123.59 0.46 150,37 99.58
6 39 0.28 7.78 0.34 150.57 0.24 103.44 99.31
7-7H j 0.53 9.48 1.07 183.44 0.11 223.51 99.92
9.46 0.82 11.55 1-89 223.51 0.05 272.31 98.07
11.53 1.47 14.03 3.36 272.31 002 331.77 99.99
14.06 2.45 17.15 3.81 331.77 0.01 404.21 100.00
17.15 4.11 20.90 9.92 404.21 0.00 492,47 100.00
20.90 6.92 25.46 10 64 492.47 0.00 600,00 100 00
Volume (%) . 100
,90
...80
201
_Vo
„50
0.1 M.o
I Malvem Instruments Ltd,
I Mah/em. UK
I Te»:*+(44| (0)1604-892456 Fax:+[44l (0)1684-892769
*■" ' o.o - ' '
Particle D iam eter (pm.)
Masíersizer X  Ver. 2 ,18  
Serial Number: 6551
100.0 i 000.0
Jo
p. í
15 Jul 0312:1
D
moIn
©
Pressure Area = 8.062 cm2
Note: General tolerance +/- 0.010 mm.
Max. clearance between punch and die + 0.010 mm.
Note: In ternal dimensions for die cavity.
DIE CAVITY
All Dims, mm G. O ’Donnell Date: 6/12/98
Tensile Test Sam
ple 
D
im
ensions
